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Abstract 
This study has focused on investigating the initiation, propagation and effects of 
damage in fibre-metal laminates (FMLs) specifically Glare® 4B under buckling, 
postbuckling and high cycle fatigue through the use of novel numerical and 
experimental techniques. 
In terms of numerical analysis, a 3D user-defined cohesive zone model (CZM) has 
been generated to simulate delamination initiation and growth in specimens under 
static compressive stresses, using the software Abaqus. The generated models have 
been validated using a comprehensive literature review in order to gather reliable 
mechanical properties for the Glare® material constituents. Following this, a modified 
cohesive zone model (CZM) based on a trapezoidal traction-separation law has been 
developed by the author to simulate damage evolution under high cycle fatigue loading. 
This model was implemented through a user-written VUMAT subroutine working 
through the interface of Abaqus/Explicit software. This model is able to simulate elastic-
plastic interfacial damage behaviour and as such is suitable for ductile adhesives 
including toughened epoxy unlike bilinear cohesive zone models which can only 
accurately simulate damage in brittle adhesives. This makes it suitable for modelling 
any material interface which incorporates ductile adhesives. 
The numerical buckling results were validated using a series of experimental tests 
conducted on Glare® 4B specimens containing splice and doubler features in addition 
to flat specimens containing artificial circular delamination manufactured by Airbus 
Germany, demonstrating the ability of the models developed to predict the onset and 
propagation of damage. Experimental fatigue tests were then implemented on 
Glare® 4B specimens containing splice and doubler features manufactured in-house, to 
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obtain fatigue life for these types of joints, with fatigue parameters extracted from 
literature on similar grades of Glare® used to validate the trapezoidal traction-
separation law based cohesive zone model. Static tests were monitored using Digital 
Image Correlation (DIC) to provide full-field displacement data and Acoustic Emission 
(AE) for the detection and location of the damage using traditional AE analysis and 
novel Delta-T techniques respectively, with Acoustic Emission (AE) using traditional AE 
analysis technique being used for damage detection under fatigue loading. 
Finite element models were also generated to model the buckling and postbuckling 
behaviour of Glare specimens containing splice and doubler joints and showed good 
agreement with experiments in terms of in-plane and out-of-plane displacements. In 
experiments, artificial delaminations representative of those which could potentially be 
generated during manufacturing had a negligible effect on the compressive strength of 
specimens. Acoustic Emission (AE) was successfully used to detect and locate 
damage initiation and propagation under buckling loads.  
Of particular importance in this body of work are the implementation of a trapezoidal 
traction separation model to predict the initiation and propagation of damage in elastic-
plastic materials such as the resin used in the Fibre Metal Laminate Glare under high 
cycle fatigue and the detection and location of this damage using a bespoke mapping 
algorithm for the interpretation of Acoustic Emission data. 
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𝑎 Crack length mm 
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Chapter 1 - Introduction 
1.1 Overview 
This thesis includes experimental and numerical investigations on fibre-metal laminate 
structures containing artificial delaminations representative of those which might arise 
either during the manufacturing process, for example in trapping additional materials 
whilst manufacturing a joint, or in service due to impact. Fibre metal laminates provide 
a potentially attractive alternative to metals and fibre composites in applications such 
as aerospace structures. However, due to their additional complexity they have 
significantly more failure modes whose effect on load carrying capability must be 
understood and be capable of being predicted in order for them to be used optimally in 
aircraft design. The work presented here focuses on the development of models which 
enable the prediction of the behaviour of these materials when subject to different 
types of loading including quasi-static compression and tension-tension fatigue 
representative of in-service loading that are essential for design purposes. These 
models are validated using a series of tests on specimens supplied by Airbus and 
therefore representative of the manufacturing processes used in industry, 
supplemented by further specimens manufactured in-house. 
1.2 Background 
Aerospace manufacturers are continuing to focus their attention on the use of 
enhanced composite materials which are lightweight and durable, for the fabrication of 
the primary parts of an aircraft [1]. Fibre Metal Laminates (FMLs) are one family of 
composites which are increasingly used in industrial applications. Of these GLARE® 
(Glass fibre Reinforced Aluminium) has recently been incorporated into the fuselage 
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skin of the Airbus A380 and is of interest due to its high fatigue tolerance, specific 
strength and stiffness, and resistance to impact and lightning strikes [2]. The first FML, 
ARALL was manufactured in 1945. ARALL comprises aramid fibre/epoxy laminate and 
aluminium-alloy and was developed and used to manufacture the Fokker F-27 aircraft 
wing structure. Following this, in 1987, Delft University of Technology developed the 
glass fibre-reinforced aluminium laminate (Glare®), which is manufactured from 
alternating metallic aluminium sheets and glass fibre reinforced composite layers [1]. 
Glare® offers a 15-30% reduction in specific weight compared with aluminium and has 
advantages over CFRP’s including improved impact, fire and corrosion resistance and 
increased damage tolerance [3]. Its commercial use has increased progressively and 
applications include the A380 fuselage, the ECOS3 blast-resistant Unit Load Device (a 
freight container designed to contain explosion and fire), the Learjet 45, the cargo 
floors of the Boeing 737, and the cargo doors of the latest models of the C-17 
Globemaster III. Despite their advantages, however, FMLs present additional 
challenges in terms of understanding the increased number of damage mechanisms 
arising both during manufacture and in operation. In order to manufacture large panels 
there is a need to introduce joints. For a typical metal sheet of thickness between 
0.3 mm and 0.4 mm the maximum width of material is normally 1.65 m, whilst a 
fuselage skin panel requires sheets of up to 2 m or wider. Aluminium sheets are 
therefore positioned side by side with gaps in between. The gaps are staggered 
through the thickness to prevent loss of strength with the fibre layers providing load 
transfer; this is known as ‘splicing’. Joints can also be strengthened by adding 
additional layers externally or internally to reduce stresses, and these are known as 
‘doublers’. Examples of both types of joints are shown in Figure 1.1. 
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Figure 1.1: Schematic representations of the doubler (top) and splice (bottom) joining 
techniques for Glare
®
 (adapted from [1]). 
 
Although solving size restrictions, these features involve further manufacturing 
processes and therefore the possibility of introducing defects such as delaminations. 
This research examines potential damage arising from this manufacturing process, as 
well as from potential in-service damage. A detailed understanding of the damage 
process under an applied load, especially buckling and high cyclic loads is needed in 
order to use FML extensively in engineering applications. In this research numerical 
and experimental investigations of delamination initiation and propagation in adhesive 
joints such as splices and doublers (Figure 1.1) are carried out under both quasi-static 
compression and constant high cycle tension-tension fatigue stresses. Glare® 
specimens for the buckling tests were supplied by Airbus Germany and specimens for 
fatigue tests were manufactured in-house by the author. 
1.3 Methodology 
This study concentrates on the investigation of interlaminar delamination in the 
adhesive joints (splices and doublers) of Glare® 4B laminate structures specifically in 
metal-fibre interfaces under both buckling and constant high cycle fatigue stresses in 
addition to delamination and buckling behaviour of structures containing an initial 
circular delamination defect. These investigations were implemented using both 
numerical and experimental methods. Numerical analysis was carried out utilising the 
software Abaqus/Explicit 6.12 and included two parts; firstly, using a 3D user-defined 
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cohesive zone model (CZM) to simulate delamination initiation and growth and bulk 
damage models to predict failure in the continuum materials of specimens under static 
compressive stresses. The material properties for the model were obtained from a 
comprehensive literature review. Secondly, using a 2D modified CZM based on a 
trapezoidal traction-separation law developed by the author to simulate damage 
evolution in Glare® fibre-metal laminate specimens containing adhesive joints under 
high cycle fatigue loading. This model was implemented through a user defined 
VUMAT subroutine working with the interface of Abaqus/Explicit software. The 
numerical fatigue results were validated using experimental data from Alderliesten [4]. 
Experimental work again included quasi static compression and high cycle fatigue 
testing and they were monitored using a combination of digital image correlation (DIC) 
to provide full-field displacement information and Acoustic Emission (AE) to monitor 
and detect localised damage. SEM micrographs were also used to characterise the 
damage in these laminates and provide further validation alongside the AE results. 
1.4 Research aims and objectives 
The work described in this thesis aims to: 
a) Develop novel modelling techniques to enable the prediction of the initiation and 
propagation of damage in the FML Glare® arising both during manufacture and in- 
service loading. Validate these techniques using experimental data. 
b) Apply these techniques to examine the effect of such damage on the performance of 
FML structures under typical in-service loading including buckling and high cycle 
fatigue. 
The objectives of this research can be summarised as follows: 
1. Manufacture Glare® 4B coupons by hand layup and using standard autoclave 
techniques. 
2. Incorporate doubler and splice features during the layup process. 
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3. Conduct buckling and fatigue tests to identify buckling and postbuckling behaviour 
and fatigue life. 
4. Develop 3D FE models to predict the growth of artificial delaminations designed to 
reflect manufacturing defects in adhesive joints (splices and doublers) and impact 
damage under compression loading.  
5. Develop 2D FE models to predict delamination initiation and growth in adhesive 
joints (splices and doublers) under high cycle fatigue loading. 
6. Validate the predicted numerical results with the experimental results for both static 
buckling and fatigue. 
1.5 Statement of novelty 
This work investigates the ability to detect and monitor the progression of damage 
within fibre-metal laminates (Glare®) using both experimental and numerical 
techniques. The work focuses on studying delamination in Glare® 4B laminate under 
buckling and high cycle fatigue loads. The novelty of this research is highlighted below: 
 High fidelity three-dimensional FE models were generated in order to study buckling 
and postbuckling behaviour of Glare® 4B laminates in complex structures. 
 These FE models were successfully predicted delamination in Glare® fibre-metal 
laminate specimens containing splice joints, while those containing doubler features 
did not exhibit delamination under compression. 
 The FE models are able to predict the effect of plasticity on buckling and 
postbuckling characteristics of Glare® laminates. 
 The FE models successfully predict a number of different damage mechanisms in 
GFRP layers using a modified Hashin theory including matrix and fibre compression 
in addition to shear damage. 
 Imperfection sensitivity is considered. Firstly, the effect of geometric imperfections 
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based on the first eigenmode of the specimen (scaled to have a maximum amplitude 
equal to that measured in the corresponding real specimens) and secondly, load 
eccentricity, which is accounted for by the introduction of an asymmetrical linearly 
distributed in-plane displacement component superimposed on the cross-head 
displacement. The introduction and study of the effects of these imperfections in the 
context of a fibre metal laminate joint is unique. 
 The acoustic emission Delta-T technique was successfully used for the first time to 
monitor the position and level of damage propagation on FML structures including 
internal features. 
 In experiments artificial delaminations representative of those which could 
potentially be generated during manufacturing had a negligible effect on the 
compressive strength for both splice and doubler specimens, a finding which was 
replicated both experimentally and numerically. 
 The effect of damage representative of that caused by impact on the buckling and 
postbuckling behaviour of Glare® fibre-metal laminate was successfully examined 
using both 3D FE models and experimental tests. 
 A series of Glare® 4B specimens were manufactured by the author (the first time in 
the UK for research purposes). These specimens were used to examine the 
interlaminar damage behaviour of splice and doubler joints included in Glare® 
laminate structures under high cycle fatigue loading. 
 A novel cohesive zone model (CZM) incorporating a mixed mode trapezoidal 
traction-separation law has been developed to simulate delamination growth in 
Glare® specimens containing both splice and doubler features under both quasi-
static and high cycle fatigue tension loadings. 
 The fatigue life of Glare® specimens containing both splice and doubler features was 
determined experimentally through high cycle fatigue tests. 
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 AE results were successfully used to validate both static and fatigue results in terms 
of delamination propagation detection via high cumulative energy events and 
different amplitudes ranges. 
1.6 Published outputs 
As a result of this research, a total of three journal papers and seven conference 
papers have been written. 
1.6.1 Journal papers 
 Ahmad S.M. Al-Azzawi, J.P. McCrory, L.F. Kawashita, C.A. Featherston, R. Pullin, 
K.M. Holford. Buckling and Postbuckling Behaviour of Glare® Laminates Containing 
Splices and Doublers. Part 1: Instrumented tests, Composite Structures 2017. 
 Ahmad S.M. Al-Azzawi, L.F. Kawashita, C.A. Featherston. Buckling and 
Postbuckling Behaviour of Glare® Laminates Containing Splices and Doublers. Part 
2: Numerical Modelling, Composite Structures 2017. 
 Ahmad S.M. Al-Azzawi, L.F. Kawashita, C.A. Featherston. Fatigue Damage in Fibre 
Metal Laminate Adhesive Joints: Numerical and Experimental Investigation, under 
review, Composites Science and Technology 2017. 
1.6.2 Conference papers 
 Ahmad S.M. Al-Azzawi, J.P. McCrory, L.F. Kawashita, C.A. Featherston, R. Pullin, 
K.M. Holford. Delamination Characteristics Of Splices And Doublers In Glare® 
Laminates During Buckling, In 11th World Congress On Computational Mechanics 
(WCCM XI). July 20 - 25, 2014: Barcelona, Spain. 
 Ahmad S.M. Al-Azzawi, J.P. McCrory, L.F. Kawashita, C.A. Featherston, R. Pullin, 
K.M. Holford. Buckling And Postbuckling Behaviour Of Glare® Laminates Containing 
Splices And Doublers: Experimental And Numerical Investigations, in 3rd Int. 
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Conference on Buckling and Postbuckling Behaviour of Composite Laminated Shell 
Structures. 25-27 March 2015: Braunschweig, Germany. 
 Ahmad S.M. Al-Azzawi, L.F. Kawashita, C.A. Featherston. Delamination 
Characteristics Of Glare® Laminates Containing Doubler And Splice Features Under 
High Cycle Fatigue Loading, in the 24th UK Conference of the Association for 
Computational Mechanics in Engineering. 31 March – 01 April 2016: Cardiff 
University, UK. 
  Ahmad S.M. Al-Azzawi, L.F. Kawashita, C.A. Featherston. The effect of circular 
delaminations on the buckling and postbuckling behaviour of Glare® laminates under 
compression, in the 11th Int. Conference of Advances in Experimental Mechanics. 
5-7 September 2016: University of Exeter, UK. 
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1.7 Outline of thesis 
This chapter provides background information on the subject of the research. The aims 
and objectives of this research have been identified. Also an outline of the experimental 
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and numerical methods used in the analysis in addition to the monitoring techniques 
used in this work and the novelty contained within the research have been described. 
The following chapters contain the details of this research. 
Chapter 2 includes an overview of the background researches carried out by others to 
investigate the buckling, postbuckling and fatigue behaviour of fibre composite 
laminates and fibre-metal laminates structures containing adhesively bonded joints. 
This includes work to determine the effects of defects encountered during experiments 
on such structures including geometric imperfections and load eccentricity, in addition 
to the effect of impact damage represented by insertion of artificial circular 
delaminations on the buckling and postbuckling characteristics of FMLs far-field 
structures. 
Chapter 3 provides information on the manufacturing processes, materials used and 
the techniques used for monitoring the experiments including Digital Image Correlation, 
Acoustic Emission and Scanning Electron Microscopy instrumentations and 
techniques. 
Chapter 4 provides a description of the experimental investigations undertaken to 
determine the effect of artificial delaminations representative of those originating from 
manufacturing on two different types of joints (doublers and splices) as well as the 
effect of circular delaminations, representative of those which might occur due to 
impact on buckling and postbuckling behaviour. 
Chapter 5 discusses the development of 3D finite element models incorporating a 
bilinear cohesive zone model and continuum (bulk) material damage models to 
examine the progressive damage and failure behaviour of the specimens tested in 
Chapter 4.  
Chapter 6 presents the development of a user-defined code (VUMAT) implemented as 
a subroutine in Abaqus/Explicit. This code is written in FORTRAN programming 
language and is based on a cohesive zone model using a traction-separation law with 
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a trapezoidal shape. This model enables prediction of the damage at the interfaces of 
elastic-plastic materials (in this case at the interfaces between the aluminium and 
GFRP layers of the Glare® laminates) under both quasi-static and high cycle fatigue 
loading. 
Chapter 7 describes modelling developed to predict delamination growth in Glare® 
laminates again containing adhesively bonded joints (splices and doublers) under high 
cycle fatigue loading using the (VUMAT) code developed in Chapter 6, The numerical 
results from this code are validated with experimental fatigue results from Alderliesten 
[4].  
Chapter 8 outlines the conclusions and future work. 
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Chapter 2 - Background and Theory 
2.1 Introduction 
This chapter reviews the main experimental and numerical studies that have been 
undertaken to investigate the buckling, postbuckling and fatigue behaviour of fibre-
metal laminate (FML) structures and the effect of delamination damage originating from 
either manufacturing defects or impact on this behaviour. Of particular interest is work 
carried out on specimens with adhesively bonded joints and those looking at the effect 
of circular delaminations typical of the damage caused during impact. Figure 2.1 shows 
a block diagram of the structure for this chapter. 
 
Figure 2.1: Structure of background and theory chapter. 
2.2 Delamination of FMLs under in-plane compression (buckling) 
2.2.1 Experimental studies 
Many experimental studies have been conducted in order to study the effect of 
delaminations on the buckling behaviour of composite laminates and more recently 
 
 
 
 
 
 
 
 
  
 
 
Delamination under static compression loading 
  
Delamination under fatigue loading 
  
Experimental studies 
  
Numerical studies 
  
Delamination in adhesively 
bonded joints 
  
Experimental studies Numerical studies 
Delamination in FML 
structures 
  
Experimental studies Numerical studies 
Chapter 2 - Background and Theory 
12 
fibre-metal laminate materials. 
The effect of delaminations on fibre composites was studied by Clarke and Pavier [5, 6] 
who examined the buckling behaviour of axially loaded composite plates and found that 
under compressive load the presence of initial delaminations extending across the 
specimens width and over 1/5 of the specimens length had a significant influence on 
their strength. Delamination growth during the buckling and post-buckling of 
HYE-3574 OH carbon/epoxy composites with artificial delaminations was also studied 
experimentally by Gu and Chattopadhyay [7]. The buckling mode was found to be 
closely related to the location and length of the delamination. Kutlu and Chang [8] 
investigated the compressive response of T300/976 composite panels containing 
multiple delaminations. Both flat and cylindrical panels with various ply orientations 
were tested. Experimental results demonstrated that delamination propagation 
significantly affected the postbuckling response in both cases, particularly in the case 
of multiple delaminations. The effect of delaminations on the postbuckling behaviour of 
CFRP composite laminated rectangular plates was also studied experimentally in [9]. 
This study found that after buckling occurs, delaminations can be expected to grow due 
to high interlayer shear stress. This growth is likely to be rapid and extensive before 
failure. In [10] experimental and numerical studies on the buckling of GFRP laminates 
containing a single delamination were carried out on rectangular plates. Artificial 
delaminations were introduced between fabricated laminate plies using embedded 
rectangular PTFE films of 13 µm thickness. Different fibre orientation angles were 
found to affect the critical buckling load, which was greatest for the 0° fibre orientation 
angle. This was the case for all aspect ratios and widths of delaminations. 
In terms of the buckling and postbuckling behaviour of flat and curved fibre-metal 
laminate panels these were first investigated by Verolme [11-13]. Results showed that 
FML panels exhibited similar buckling and postbuckling behaviour to their metallic 
counterparts apart from the fact that the damage in the FMLs started with a local 
delamination, while the corresponding metallic panels exhibited plastic deformation. 
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Botelho et al. [14] studied the compressive properties of the hybrid composites Glare® 
and Caral and the polymer composites CFRP and GFRP. Results revealed that the 
axial compressive strength for unidirectional polymer composites was mainly controlled 
by the buckling modes of the fibres [15]. The compressive strength of fibre-metal 
laminates (FMLs) on the other hand which was much lower than that of the CFRP was 
limited due to the weak interface between the composite layers and the aluminium 
alloy. SEM micrographs showed damage at this interface leading to bucking of the 
corresponding aluminium layer. Mania and York [16] studied the buckling behaviour 
and load carrying capacity of thin-walled FML open cross-section profiles subjected to 
static axial compression loading. Uni-axial compression buckling strengths obtained 
using semi-analytical and finite element methods were compared with experimental 
results. Laminate tailoring strategies, based on the use of buckling factor contours 
mapped onto lamination parameter design spaces, were used to improve the 
compressive buckling load capacity for short columns of open cross-section. 
Kolakowski et al. [17] investigated the elasto-plastic buckling of thin-walled FML short 
columns/profiles subjected to axial uniform compression. They incorporated transverse 
shear effects and elasto-plastic material models based on different strain-hardening 
plasticity theories into their models and were able to demonstrate that the buckling 
modes in the elastic and elastic–plastic ranges are not always identical. Kamocka and 
Mania [18] considered both micro and macro mechanics to study flat plates 
manufactured from FMLs. The properties of these specimens were determined using 
the Rule of Mixtures and the analytical results were verified by experimental tests. After 
demonstrating the sensitivity of the performance of these structures to material 
properties the authors highlighted the need for accurate sub-laminate material data. 
McCarthy et al. [19] performed an experimental analysis at microscopic scale to 
monitor the progression of damage including buckling in pin-loaded fibre-metal 
laminates. Damage was investigated using SEM micrographs taken at different load 
levels up to the failure load. Different damage mechanisms were observed for instance 
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at 90% of the failure load as shown in Figure 2.2, plastic deformation in the aluminium 
layers was noticed in addition to delamination at the interface between the outer 
aluminium layers and their adjacent 0° GFRP layers. Delamination was also noticed 
between the 0° and 90° fibre plies with fibre kinking progressing to form micro-buckles 
in the 0° fibre plies eventually leading to fibre breakages in some of these plies. 
Experimental studies conducted by Remmers and de Borst [20] presented 
delamination buckling in ‘Glare® 2’ on a microscopic level both experimentally using 
Scanning Electron Microscopy (SEM) technique and numerically using the interface 
element model given by Kachanov [21]. 
Incorporation of the effects of geometric imperfections and load eccentricity on the 
buckling and postbuckling behaviour of structures is important in obtaining an accurate 
prediction of their response. The effect of such defects on composite laminates has 
also been studied by many researchers. However, comparatively less has been done 
to investigate their effects on fibre-metal laminates. Koiter [22] examined the effect of 
geometrical imperfections on the elastic buckling load of a cylindrical shell under 
uniaxial compression. This work was extended to both cylinders and spheres by 
Hutchinson [23] for loadings that produce biaxial membrane stresses. It was found that 
reducing the transverse membrane stress component leads to an increase in the 
axisymmetric initial imperfection (the normal deflection of the middle surface of the 
unloaded shell) and this behaviour is similar for both cylindrical and spherical shells. 
Hilburger and Starnes Jr. [24] showed that non-linear analysis can be used to 
determine accurate, high-fidelity design knockdown factors that can be used for 
predicting composite shell buckling and collapse loads in the design process. This can 
be achieved by considering traditional imperfections (geometric shell-wall mid-surface 
imperfections) and non-traditional imperfections (shell-wall thickness variations, local 
shell-wall ply-gaps associated with the fabrication process, shell-end geometric 
imperfections, non-uniform applied end loads, and variations in the boundary condition 
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Figure 2.2: SEM micrograph of a bearing specimen (w/d = 6, e/d = 6) at 90% of the failure load: 
(a) 60× magnification, (b) 400× magnification (c) position at which the micrographs were taken 
on the bearing stress-strain curve (Figure reproduced from[19]). 
 
(a)
(b)
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including the effects of elastic boundary conditions) which could be combined to form 
the basis of a generalised imperfection signature for a composite shell that includes the 
effects of variations or uncertainties in the shell-geometry, fabrication-process, load-
distribution and boundary stiffness parameters. Tsouvalis et al. [25] investigated the 
effect of initial imperfection magnitude on the buckling loads of cylinders under external 
hydrostatic pressure and found a good correlation between experimental and modelling 
results, and Featherston [26] performed a similar study on a simple aerofoil under 
combined shear and in-plane bending. In [24] Hilburger reports the results of 
experimental and analytical studies of the effects of initial imperfections on the buckling 
response and failure of unstiffened thin-walled compression-loaded graphite epoxy 
cylindrical shells, results that include the effects of traditional and non-traditional 
imperfections and uncertainties on the nonlinear response characteristics. 
Experimental and analytical investigations were conducted to examine the effects of 
the inherent mechanical couplings exhibited by fully anisotropic (i.e. unsymmetrical) 
graphite/epoxy laminates on the buckling loads and mode shapes of short rectangular 
plates in [27]. The results indicated that these couplings, especially those which relate 
stretching and bending behaviour, cause out-of-plane deflections prior to buckling and 
hence reduce the buckling load significantly. Eglitis et al. [28] performed experimental 
and numerical studies on the buckling of concentrically and eccentrically compressed 
composite cylinders. Although using values of knockdown factors which were 
estimated from linear eigenvalue analyses, both experimental and numerical results 
showed good correlation. 
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With respect to FMLs, the study completed by Mania et al. [16] on buckling behaviour 
and load carrying capacity of thin-walled FML open cross-section profiles, was 
extended in Mania et al. [17, 29] to investigate the buckling and postbuckling response 
of different FML profiles, with further work [30] highlighting the need to consider the 
effect of imperfections on the buckling and postbuckling behaviour in order to 
accurately predict the consequent reduction in performance. 
In terms of the effects of joints, buckling in adhesively bonded GFRP composite flanges 
containing splice joints and with an initial debond were experimentally investigated by 
Kwon and Kim [31]. Although the flange length and width were found to affect the 
buckling behaviour strongly, their influence on debond crack initiation (which was seen 
to originate in the corners of the free edge of the buckled flange, where the highest 
peel stresses are found due to the post-buckled flange deformation) was only slight. 
The consequent growth of the debond crack was found to be strongly dependent on its 
initial length but weakly dependent on flange width. 
In this study we extended the work of previous authors, focusing on examining the 
effect of delamination damage on the buckling and postbuckling characteristics of 
Glare® FML specimens containing two different types of joints (doublers and splices) 
based on a series of experiments. Also, Acoustic Emission and in particular the Delta-T 
source location technique, in combination with DIC and SEM monitoring systems were 
used for the first time to study the damage behaviour of FML structures. 
2.2.1 Numerical studies 
A number of numerical studies have also been performed in order to understand the 
buckling and postbuckling behaviour of composite panels containing delaminations. 
Delamination initiation and growth under compressive loading was investigated 
numerically for slender composite laminates using FE models based on the use of 
cohesive elements by Wang et al. [32]. They concluded that for composite laminates 
with embedded delaminations the propagation shape is affected by the depth of the 
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delamination, rather than its size. Under an axial compressive load, the damage 
propagation width was found to expand as the depth increased from 10% to 25% of the 
total specimen thickness. Mohammadi et al. [33] also developed a cohesive zone 
model to predict delamination propagation in laminated composites containing single 
and multiple through-the-width delaminations during buckling. They found that for 
specimens with multiple delaminations damage propagation was unstable causing a 
sudden drop in the load carried accompanied by a global buckling load which was 
much lower than for a similar specimen with a single delamination. Wang and Zhang 
[34] developed a B-spline finite strip method to study the buckling, postbuckling and 
delamination propagation in debonded composite laminates under compression. 
Extensive numerical studies were conducted to validate their theory [35]. The study 
concluded that unstable delamination propagation was often caused by mode-I fracture 
while mode-II fracture led to stable delamination growth in the cases examined. Chirica 
and Beznea [36] developed an FE model to predict the buckling behaviour of 
composite plates with a central elliptical delamination. They found that the aspect ratio 
of the delamination had a significant effect on the relationship between in-plane loading 
and displacement. Akbarov et al. [37] developed a three-dimensional model using the 
theory of viscoelasticity for anisotropic bodies to study delamination around two types 
of artificial crack (band-crack, edge-crack) introduced into a rectangular plate under 
compressive loading. They concluded that the mode of buckling delamination around 
the two types of cracks depended only on the initial infinitesimal imperfections of the 
edge-surfaces of these cracks. Eaton [38] investigated the propagation of 
delaminations in simply supported composite panels under compression using an FE 
model and then validated the results experimentally using acoustic emission to monitor 
the initiation and propagation of damage. The effect of the mechanical couplings 
exhibited by fully anisotropic graphite/epoxy laminates on the buckling loads and mode 
shapes of composite panels were studied by conducting analytical investigations by 
[27]. The numerical results correlated well with experimental results conducted by the 
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same authors and discussed in the previous section. Further analytical models have 
been developed by [8] enabling the prediction of the compression response of 
laminated composite panels containing single and multiple delaminations. 
In terms of FMLs, less work has been done. Obrzalek and Vrbka [39, 40] performed 
numerical studies on the buckling of FMLs and concluded that depending on the in-
plane orientation and out-of-plane position of an artificial delamination, the buckling 
load can drop by up to 30% and 50%, respectively. They also found that the buckling 
and postbuckling behaviour of the plates was greatly affected by the delamination’s 
geometrical shape. Furthermore, McCarthy et al. [41] developed a 3D FE model using 
Abaqus software to study delamination in fibre-metal laminate pin-hole joints. The 
model incorporated a three-dimensional continuum damage mechanics approach for 
the composite plies, a plasticity model for the aluminium layers and a delamination 
model between layers. Cohesive elements, which are part of the Abaqus software, 
were used in areas of the model where delamination was expected (such as the 
interfaces near the pin-hole). They found that delamination occurs between the layers 
immediately adjacent to the pin and remains localised in a small region surrounding the 
pin-hole (of the order of 1 mm from the hole’s edge) throughout the analysis as shown 
in Figure 2.3. The joint is severely affected when compressive fibre damage initiates, 
resulting in very low residual stiffness and a long plateau region in the bearing stress–
strain curve. 
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Figure 2.3: (a) Damage distribution in the various layers of the bearing specimen at 300 MPa 
bearing stress and 1.2% bearing strain (b) position of the micrographs taken on the bearing 
stress-strain curve (Figure reproduced from[41]). 
 
Geometrical imperfections and load eccentricity have also been shown to have a 
significant effect on the buckling and postbuckling behaviour of composite laminates. 
This was confirmed by many researchers [24-26, 28, 42] who have developed FE 
models to correlate their experimental investigations mentioned in the previous 
Section on geometrical imperfections and load eccentricity on buckling properties. 
More recently, Degenhardt [43], Saullo [44] and Ismail [45] developed numerical 
Experimental
Numerical
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models for cylindrical shell structures introducing different types of geometrical and 
load imperfections. Singer et al. [46] showed that the buckling and postbuckling 
behaviour of a rectangular plate depended strongly on both in-plane and out-of-plane 
boundary conditions and that knockdown factors predicted by numerical analyses of 
the cylinders can be used to account for these effects. For design purposes, however, 
more accurate imperfection values such as experimentally measured geometric 
imperfections and load eccentricity [28] need to be adopted in order to ensure robust 
models. 
Few researchers again have studied the effect of geometrical imperfection and load 
eccentricity on buckling and postbuckling behaviour of FMLs. Bi [47], used an elasto-
plastic constitutive model to study the buckling and postbuckling behaviour of FMLs 
including Glare® considering the elasto-plastic deformation of the metal layers. The 
analysis was implemented using the classical nonlinear plate theory. A simplified three- 
dimensional rectangular plate model was used and the equations solved using the 
finite difference method. The effects of initial imperfections in the form of the first 
eigenmode with different amplitudes (0.05, 0.1 and 0.15 of the thickness) were 
numerically investigated. The authors concluded that by increasing the amplitude of the 
initial imperfection, the deflection of the plate increases reducing the stiffness prior to 
buckling. During postbuckling, the imperfection has a lesser effect than the plasticity. 
Mania et al. [17] investigated the buckling and postbuckling response of the FML 
profile/column analytically and numerically and compared the results with those found 
experimentally. They found that in practice structural imperfections decrease the real 
buckling load and analytical or FEM results should be used as an upper bound 
estimation. Wittenberg and de Jonge [48] studied Glare® plates subjected to 
unidirectional compression or shear. The authors proposed the application of correction 
factors to take into account the yielding of the aluminium and the magnitude of any 
imperfections. 
In this thesis the buckling and postbuckling of a series of panels containing both splice 
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and doubler joint features with and without delaminations within the joints is studied 
using models developed in Abaqus/Explicit. Both delamination and bulk damage are 
considered using a combination of cohesive zone elements and bulk damage models. 
Geometric and load imperfections are incorporated. Results are validated based on the 
results of the experimental work. 
2.3 Delamination in adhesively bonded joints 
Delamination in adhesively bonded structures under fatigue loading has been studied 
by a number of researchers using a variety of different approaches. These include 
experimental and numerical studies which investigate delamination initiation and 
propagation. These studies are highly relevant to the understanding of delamination in 
FMLs so a literature review of the topic is presented here. 
2.3.1 Experimental studies 
Experimental studies can be divided into two types according to Crocombe et al. [49], 
namely ‘total life’ and ‘initiation/propagation’ studies. 
2.3.1.1 Total life 
A number of studies have been conducted using a total life or S-N curve method to 
examine the fatigue life of adhesive joints. In the total life method, specimens are 
tested under high cycle or low cycle fatigue loading until final failure. Tests can be 
repeated under different conditions including constant or variable amplitude stress, 
differing frequency and constant or variable load ratio R. The results are then 
presented as a graph of stress or load versus the number of cycles to failure to 
generate the well-known S-N curve or the fatigue life curve. Fatigue loading can be 
presented either in terms of maximum fatigue stress or maximum fatigue force, were 
the later can be calculated from quasi-static tests using ultimate tensile load [50] as 
follows: 
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𝐹max = 𝜌 ∗ 𝐹ultimate                   (2.1) 
where, 𝐹max is the maximum fatigue load and 𝜌 is the fatigue severity (for example if we 
apply fatigue load at 70% severity this means 𝜌 is equal to 0.7) and 𝐹ultimate is the 
ultimate tensile load. Most of the total life experimental studies performed have  
Group 1: Exponential model       Group 2: Power-law model 
 
Figure 2.4: Experimental and numerical total fatigue life curves for adhesively bonded double-
lap joints in GFRP specimens with 𝑅-ratios (a) 𝑅 = 0.1,(b) 𝑅 = −1, (c) 𝑅 = 10 [54]. 
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adopted a typical S-N curve approach based on maximum fatigue stress with constant 
load ratio 𝑅 and constant frequency while other researchers such as [51-53] have 
explored the effects of changing mean stress and load ratio. The effect of load ratio on 
the total fatigue life of double-lap joints in GFRP specimens was presented by 
Vassilopoulos et al. [54]. Figure 2.4 shows a comparison of fatigue life curves from 
experimental results and those obtained from two numerical phenomenological linear 
regression models (exponential , group 1, and power law, group 2) for a number of 
different load ratios including tension (𝑅 = 0.1), compression (𝑅 = 10) and reversed 
loading (𝑅 = −1). Good correlation is seen between the numerical and the 
experimental fatigue life curve results for both group 1 and group 2 models for both 
tension and compression. However, for reverse loading where experimental results 
show significant scatter fatigue behaviour is not accurately modelled using either 
approach. 
2.3.1.2 Crack initiation and propagation 
Whilst many studies for evaluating the fatigue life of adhesive joints especially those 
based on un-notched specimens adopt the total life technique, other investigations 
have been conducted using the crack length measurement method. This method can 
be used for evaluating the fatigue life of geometries including adhesive joints by 
measuring crack initiation and growth along with the number of cycles to failure, with 
many different techniques used to make these measurements and also to try to 
distinguish between crack initiation and propagation regions. This review will provide 
an overview of experimental studies that have been conducted to achieve this. 
Dessureault and Spelt [56] studied the effect of crack starting conditions on fatigue 
crack initiation and propagation. Fatigue tests were carried out on double cantilever 
beam specimens (mode-I), cracked lap shear specimens (mixed-mode I/II) and end 
notch flexure specimens (mode-II) with a load ratio of 0.1 and a frequency of 30 Hz. 
Crack initiation was studied using a microscope. The first visible micro crack in the fillet 
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was used to define the crack length. Three starting conditions including an intact fillet, a 
pre-existing crack and a fast mode-I pre-crack were considered. It was found that 
under mode-II and mixed mode conditions, the difference in crack initiation time for 
different starting conditions was negligible. In contrast, under mode-I conditions a pre-
existing fatigue crack needed two or three times longer to initiate than a fast mode-I 
pre-crack. This was considered to be due to blunting of the crack tip or some self-
toughening mechanism. 
Crocombe et al. [49] tested aluminium-adhesive and composite-adhesive single lap 
joints with different configurations under fatigue loading at a load ratio of 0.1 and a 
frequency of 2 Hz. They employed the backface strain technique to inspect the damage 
initiation phase. It was found that for the joints with an intact adhesive fillet the damage 
initiation phase, even at high loads (50% of static failure load), occupied about half of 
the total fatigue life. Moreover, it was observed that removing the adhesive fillet of the 
joints eliminated the initiation phase and reduced the fatigue life. They also investigated 
the application of the backface strain technique and determined optimum gauge 
specification and location. 
Quaresimin and Ricotta [57] studied the influence of overlap length and fillet corner 
geometry on the fatigue response of single lap joints composed of carbon/epoxy 
laminates bonded with an epoxy adhesive. Fatigue tests were conducted on the joints 
at a load ratio of 0.05 and a test frequency in the range of 10-15 Hz depending on the 
applied stress level. Fatigue damage evolution was monitored using visual and 
microscopic observations. A crack length of 0.3 mm was considered for the threshold 
value of crack initiation. The crack initiation phase was observed to be in the range of 
20% to over 70% of the total fatigue life, depending mainly on the overlap length and 
stress level. It was found that the joints with shorter overlap length had a greater ratio 
of damage initiation to total fatigue life. Moreover, by increasing the overlap length, 
longer damage propagation life was achieved leading to a better fatigue performance 
of the bonded joints. The presence of a spew fillet (Figure 2.5) was found to make 25% 
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improvement in the fatigue strength. The crack growth rate was found to be very 
sensitive to the level of load and insensitive to the overlap length. 
 
Figure 2.5: Geometry of single lap bonded joint (mm). SE, square edge joint; F, spew fillet joint 
[57]. 
 
Azari et al. [58] investigated the effect of starting condition (fatigue pre-crack and fillet) 
and testing approach (including force and displacement control) on the fatigue 
threshold of adhesively bonded joints. The fatigue threshold was defined as the 
maximum strain energy release rate that caused 106 mm/cycle crack growth rate. The 
effects of mode mixity and crack growth rate on the crack path and failure mode were 
studied. Cracked lap shear, asymmetric double cantilever beam and double cantilever 
beam joints were subjected to fatigue tests under both load and displacement control at 
a frequency of 20 Hz and load ratios of 0.1 and 0.5. It was found that the starting 
condition did not influence the fatigue threshold provided that the crack path was 
cohesive and not interfacial after crack initiation. Fatigue testing under displacement 
control was suggested as a more preferential testing approach in determining the 
fatigue threshold as it provided the same threshold and crack growth rate as those 
obtained from load control but more conveniently and in a shorter time. The crack path 
was observed to be dependent on the mode mixity and the crack growth speed with 
increasing the mode mixity and/or decreasing the crack growth rate driving the crack 
closer to the interface and making the bond strength highly sensitive to the interface 
bond strength. At higher crack growth rate and/or mode-I the crack path was driven 
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further from the interface and was consequently less sensitive to the interface 
condition. The relation between the crack growth rate and the crack path could not be 
attributed to environmental conditions since all tests were carried out in dry conditions 
(11-15% relative humidity). However, the authors provided two possible reasons for 
this relationship. One reason was that increasing the local mode mixity might increase 
adhesive stiffness around the crack tip when the crack growth rate was very low. The 
other possible reason was local toughening at the crack tip. Thus, when the cyclic 
loading continues for a long period, a local toughened zone forms around the crack tip 
that causes the crack to follow the weaker path around the outside of this zone and to 
deflect towards the interface. Kawashita and Hallett [59] developed a novel model for 
investigation of the effect of load ratio on crack propagation in composite laminates. 
 
Figure 2.6 shows the experimental Paris law curve results for cut-ply composite 
specimens which were used to validate the developed numerical CZM results at 
different load ratio ranges. The results using crack tip tracking formulation for the 
normalised strain energy shown good correlation with the experimental Paris law 
results.  
Several techniques have been utilised for monitoring and characterising damage 
initiation and propagation in adhesively bonded joints including: 
 Micro-level techniques; 
 Backface strain techniques; 
 Digital image correlation (DIC); 
 Acoustic emission (AE). 
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Figure 2.6: Experimental and numerical Paris curves for cut-ply specimens with various R-ratios 
[59]. 
 
A micro-video camera under a stroboscope light source was used by Ishii et al. [60], 
while Cheuk et al. [61] and Quaresimin and Ricotta [57] used Scanning Electron 
Microscopy (SEM) and an optical microscope to produce clearer images. The main 
problem around the use of such devices however is the fact that this requires the 
specimens to be removed from the test machine closing the cracks which are 
consequently unloaded. This is the case in particular for small elastic cracks generated 
in adhesively bonded joints which close completely once unloaded making their length 
difficult to measure. 
The backface strain technique was applied to adhesively bonded joints by both Zhang 
et al. [55] and Khoramishad et al. [62] who conducted experiments on single lap joints 
to identify crack initiation and growth by considering the change in the direction of 
backface strain variations during fatigue cycles. Figure 2.7 indicates how the crack 
initiation life and the site of crack initiation can be determined. The readings for the 
backface strain gauge 1 (SG1) and strain gauge 2 (SG2) have similar values over the 
period of crack initiation, however as the crack begins to propagate there is sudden 
change with SG1 decreasing whilst SG2 increases in region (c). This can be explained 
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by the fact that as a crack propagates the local deformation at the location of the 
nearer strain gauge (SGI in Figure 2.7 (c)) relaxes and the joint becomes more 
asymmetric, thus a larger moment is induced in the other substrate. Although not 
explicitly stated, this response only occurs if the strain gauge is placed outside the 
overlap and in this case, the sensitivity is very low. 
DIC techniques are favoured by many researchers as they involve a non-destructive 
approach and are able to measure full-field displacements and strains making them 
one of the most suitable in-situ techniques. DIC was used by Khan [63] to measure the 
shape of delaminations in FML structures. It was also used by Lemmen [64] to 
measure delamination in thick adherent tests. 
AE has been used by researchers including [65-67] to monitor damage in composite 
materials and adhesively bonded joints structures. AE signals generated during 
initiation and propagation of damage can be used to be both locate and characterise 
damage. Location is traditionally a triangulation process based on a signal’s time of 
arrival (TOA) at the three nearest sensors. In anisotropic materials such as composites 
and in structures with complex geometries (changes of thickness, holes) in which the 
assumption of constant velocity is invalid more complex approaches such as the 
Delta-T technique which maps the transmission of AE across the whole structure can 
be used [68]. By looking more closely at the signals themselves e.g. absolute energy, 
count, amplitude, duration [69] the level of damage can be estimated and frequency-
based approaches [70, 71] among others allow the damage to be characterised. Many 
researchers [65, 72-75] have adopted AE to detect damage in composite materials 
under fatigue loading. 
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Figure 2.7: Backface strain detection of fatigue crack initiation [62]. 
 
In this thesis a fatigue total life approach will be used to study design life and damage 
tolerance of FML structures including adhesively bonded joints subject to high-cycle 
fatigue loading. In addition, Acoustic Emission and in particular the Delta-T technique 
will be used to detect and locate damage in FML structures subject to high-cycle 
fatigue. These results, combined with the Paris law parameters for Glare® reported by 
Alderliesten [4], will be used to validate models generated using a new cohesive zone 
model to predict fatigue damage initiation and propagation at the interfaces of FML 
specimens. 
2.3.2 Numerical studies 
This Section reviews the numerical methods employed to study the fatigue failure 
behaviour of adhesively bonded joints. According to Khoramishad [62], fatigue 
modelling for adhesively bonded joints can be divided into five approaches - total life, 
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continuum damage mechanics (CDM), fracture mechanics, stress singularity and 
cohesive zone modelling (CZM). 
2.3.2.1 Total life method 
The design life of a component subjected to fatigue can be determined through either a 
stress-life or strain-life approach. If the amplitude of the total strain is such that there is 
significant plasticity, then the fatigue life is likely to be short and we have Low Cycle 
Fatigue (LCF), which typically means less than 104 cycles. In these cases we use a 
strain life approach. If the stresses are low enough that the strains are elastic, the 
lifetime is likely to be long and we have High Cycle Fatigue (HCF), which is typically 
over 106 cycles, where stress-life approaches are commonly used. The latter has 
however, not been utilised extensively for adhesively bonded joints. Normally, in 
applying the stress-life approach, the structure needs to be modelled under cyclic 
loading with constant amplitude with different load severities (which can be calculated 
experimentally based on the static strength of the same structure). The fatigue life for 
the structure can then be estimated based on the applied stress versus number of 
cycles to failure at different stresses with the results plotted as a S-N curve. An 
example of experimental and numerical fatigue life or (load versus number of cycles) 
curves for adhesively bonded joints in single lap joint (SLJ) specimens is shown in 
Figure 2.8 [62] with the nominal stress (S) defined as the applied load amplitude 
divided by the bonded area. It should be noted that in adhesively bonded joints, 
calculating the average stress relative to the maximum stress might not be easy. This 
is because once crack propagation takes place the bonding area will change and the 
average stress and accordingly the relationship between the average and the 
maximum stress will change. Hence the S-N curve will not only be material dependent 
but also geometry dependent. In other words, an S-N curve obtained for one joint may 
not be applicable to other joints with different geometries but similar adhesive 
materials. The test setup and boundary conditions can also affect the results 
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significantly. The numerical S-N curves are usually plotted for given maximum stresses 
against number of failure cycles as follows: 
𝜎max = 𝑎(𝑁𝑓) 
𝑏                     (2.2) 
where 𝜎max is maximum fatigue stress, 𝑁𝑓 is number of failure cycles and a and b are 
constants which can be obtained from power law curve fitting experimental S-N curves. 
The constants can be dependent on parameters such as material, geometry, surface 
condition, environment and stress ratio. 
Although the stress-life approach can be useful in predicting the fatigue lifetime, this 
method is not able to indicate the damage or the evolution of the damage during the 
fatigue loading. Therefore, residual strength, following partial fatigue damage, cannot 
be determined using this method. Another deficiency of the stress-life approach is that 
the initiation and growth phases of fatigue lifetime are not differentiated. It is worth 
noting that some researchers (Zhang et al. [55], Crocombe et al. [49]) have tried to 
enhance the capability of the method by combining it with other methods like the 
backface strain technique. 
 
Figure 2.8: Comparison between the experimental and numerical load-life fatigue data of the 
SLJ specimen [62]. 
2.3.2.2 Continuum damage mechanics (CDM) 
CDM theory can be described as the damage theory concerned with macroscale 
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cracks or defects and developed based on damage variables. This theory has been 
adopted by many researchers [76-79] to predict the fatigue life of composite materials 
including adhesively bonded joints. In this method, a damage parameter (𝐷) is defined 
to specify the effective stress corresponding to a certain amount of damage. The 
damage parameter is zero for an undamaged material and one for a fully damaged 
material. According to this theory, the initiation of a macro-crack occurs when the 
accumulated damage reaches a critical value (between zero and one) and damage 
accumulation can be expressed in terms of a number of cycles to failure. This 
approach was first introduced for modelling damage in metals and later conducted on 
adhesive bonded joints in 1997 when Ganghoffer et al. [80] developed an elasto-plastic 
continuum damage model for simulating damage in the interface of two contacting 
bodies such as rubber and glass, for the thin intermediate layer within the frame of 
continuum thermodynamics. A damage model based on a scalar damage parameter 
(𝐷) was also introduced by Imanaka et al. [81] to investigate fatigue damage evolution 
in adhesively bonded butt joints as follows: 
𝐷 = 1 − {1 − 2𝑞𝑁{(𝐴 + 𝐵)2𝑛+1 − (𝐵 − 𝐴)2𝑛+1}}
1
2𝑛+1         (2.3) 
Where 𝐷 is the damage variable, 𝑛 is a material constant, 𝑁 is the number of cycles, 𝐴 
is the nominal stress amplitude, 𝐵 is the nominal mean stress and 𝑞 is a variable which 
can be calculated as follows: 
𝑞 =
(1−2𝑣)𝑛+1(1+𝑣)𝑛+1
3( 2𝑛−1 )𝐸𝑛+1 ⋅ 𝑆𝑛(1−𝑣)𝑛+1 
               (2.4) 
where 𝑣 is Poisson’s ratio, 𝑆 is a material constant and 𝐸 is Young’s modulus. 
CDM was employed to predict fatigue damage in an aluminium/epoxy single lap joint 
by Hilmy et al.[79]. They considered a damage equation as a function of cycles and 
stress: 
𝐷 = 1 − {1 − (𝛽 +𝑚 + 1)𝛼(∆𝜎𝑒𝑞)
𝛽+𝑚
  𝑅𝑣
𝛽 2⁄
 𝑁}
1
𝛽+𝑚+1
         (2.5) 
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where 𝜎𝑒𝑞 is the Von Mises equivalent stress, 𝑅𝑣 is a triaxiality function, 𝑚 is a material 
constant related to strain hardening and 𝛼 and 𝛽 are damage parameters. However, 
they only predicted the number of cycles to damage initiation. 
2.3.2.3 Fracture mechanics 
The fracture mechanics approach can be employed to predict the fatigue crack 
propagation for adhesively bonded joints. The most widely used approach is the use of 
the Paris law which can be plotted by calculating the crack growth rate (d𝑎/d𝑁) from a 
linear fitting to the relationship between the delamination length along the adhesive 
joint interface and the number of failure cycles. The maximum strain energy release 
rate and the change in strain energy can then be calculated from area under the curve 
of the traction-separation relation. The Paris law curve can then be plotted as the 
logarithmic relationship between crack growth rate (d𝑎/d𝑁) and normalised strain 
energy release rate (𝐺𝑎/𝐺𝑐) as shown in Figure 2.9. Paris law-based models have been 
widely employed as an efficient engineering tool for fatigue life prediction especially in 
lightweight structures and are used in this work to predict damage evolution in FMLs 
structures including adhesive joints. 
 
Figure 2.9: A typical fatigue crack growth curve. 
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A large number of researchers have adopted the Paris law in modelling crack 
propagation in adhesively bonded joints. Wahab et al. [82, 83] used this approach to 
predict damage evolution in single lap joint (SLJ) and double lab joint (DLJ) specimens 
comprising CFRP composite laminates bonded with epoxy adhesive. Using a modified 
Paris law [84]:  
𝑑𝑎
𝑑𝑁
= 𝐷𝐺𝑚𝑎𝑥
𝑛  (
1−(𝐺𝑡ℎ 𝐺𝑚𝑎𝑥⁄ )
𝑛1
1−(𝐺𝑚𝑎𝑥 𝐺𝑐⁄ )
𝑛2
)                 (2.6) 
(where 𝐺𝑡ℎ is the fatigue threshold strain energy release rate, 𝐺𝑐 is the facture 
toughness, 𝐺𝑚𝑎𝑥 is the maximum strain energy release rate, 𝑛, 𝑛1,𝑛2 are fatigue 
parameter constants which can be obtained from an experimental S-N curve) and 
integrating from initial crack length (𝑎0) to the final crack length (𝑎𝑓) they were able to 
predict the number cycles to failure. They also extended previous work by Curley et al. 
[85] for calculating strain energy by using an automatically generated finite element 
analysis so it could be generalised for any adhesively bonded joints. 
2.3.2.4 Stress singularity 
Researchers examining the life of bonded joints agree that stress singularity has a 
significant effect on crack initiation fatigue life. Imanaka et al. [86] developed a formula 
to estimate crack initiation life-time (equation 2.7) based on a stress singularity 
parameter and this equation can be used to estimate the endurance limit for single lab 
joints (SLJs): 
𝜎𝑖𝑗 = 
𝐾𝑖𝑗
𝑟𝜆
                        (2.7) 
where 𝜎𝑖𝑗 is the stress component, 𝑟 is the distance from singular point, 𝐾𝑖𝑗 is the 
stress intensity factor and 𝜆 is the order of stress singularity which can be estimated 
from the shape of the joint. 
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2.3.2.5 Cohesive zone model (CZM) 
The CZM method combines the classical fracture mechanics concept of a critical strain 
energy release rate for crack propagation with the damage mechanics assumption of a 
zone ahead of the crack tip where a gradual, irreversible loss of material stiffness is 
observed. This approach is advantageous over linear elastic fracture mechanics theory 
(LEFM) for modelling crack growth in that it removes the need for singularity at the 
crack tip [39] and so is able to predict the crack growth behaviour of uncracked 
structures. The cohesive zone model was first introduced by Barenblatt and Dugdale 
[87, 88] with Dugdale proposing the concept of a cohesive traction equal to the yield 
stress for the material considered and separation occurring between two adjacent 
surfaces in a region called the cohesive zone when this is exceeded and Barenblatt 
[87, 89] using a similar approach to solve instability problems in brittle materials subject 
to fracture. Hillerborg et al. [90] used a similar model to study the fracture behaviour of 
concrete. Cohesive zone models based on such traction-separation laws are found to 
be an efficient approach in predicting damage at the interface of two solid bonded 
surfaces when the adhesive layer is very thin. As the joint is loaded traction increases 
until it reaches a critical value 𝞂o at which point damage initiates. Following this it 
decreases indicating the growth of the damage. The separation, 𝑈, is the value of 
displacement which is 𝑈o at initiation and 𝑈f  at final failure. A cohesive element fails 
when the separation reaches the maximum value 𝑈f  at zero stress. In this case the 
strain energy is equal to the critical strain energy or fracture toughness, 𝐺c, and can be 
calculated by integration of the traction–separation relation to give the area under the 
curve. The shape of the traction–separation curve is identified according to the fracture 
behaviour of the material. A number of models have been proposed by different 
researchers a discussion of which will follow. 
Needleman [91] introduced polynomial traction–separation law (Figure 2.10 (a)) in 
order to analyse the void initiation and propagation from initial debonding up to final 
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separation. This model is attractive for the cases when interfacial strength is low and 
the high stress degradation associated with cracks in homogeneous material do not 
develop. In these cases use of a polynomial traction-separation law enable standard 
finite element methods to be extended to incorporate interfacial integrals. Xu and 
Needleman [92] also proposed an exponential model to predict damage in brittle 
materials see Figure 2.10 (b). Mi et al. [93] proposed the bilinear traction-separation 
law see Figure 2.10 (c) which involves a simple linear relationship with a constant 
stiffness up to the critical yield stress and then stress degradation also with a linear 
slope up to final failure. The trapezoidal traction-separation law shown in Figure 2.10 
(d) has been adopted by many researchers [94-103] to model interface damage 
behaviour in elastic-plastic materials under static loading. 
In this thesis a trapezoidal traction-separation law is developed to model both static 
and high cycles fatigue damage in the FML interfaces using cohesive elements. 
 
Figure 2.10: Typical traction-separation law shapes, (a) polynomial, (b) exponential (c) bilinear, 
(d) trapezoidal. 
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2.3.3 Cohesive zone models for fatigue 
Cohesive zone models have been widely used for predicting delamination in adhesively 
bonded structures under fatigue loading. The developed models can be classified 
according to the applied load into three types (see Figure 2.11) as follows: 
 
Figure 2.11: Schematic of different approaches in modelling high cycle fatigue loading based on 
CZM (a) Cycle-by-cycle, (b) Cyclic extrapolation and (c) Envelope maximum load. 
2.3.3.1 Cycle-by-cycle analysis 
CZM for homogenous cycle-by-cycle analysis was implemented by Roe and Siegmund 
[104] in order to investigate adhesively bonded structures. A sinusoidal fatigue load 
was applied in both normal and shear directions (see Figure 2.12). Normal stress 𝜎 and 
shear stress 𝜏 were combined with phase angle 𝛽 using the following expression, 
𝛽 = tan−1(𝜏 𝜎⁄ )                     (2.8) 
The cycle-by-cycle approach is illustrated in Figure 2.11 (a). This approach has not 
been adopted in this thesis as according to many researchers [59, 105, 106], it is 
computationally expensive and practically impossible in the case of high cycle fatigue. 
2.3.3.2 Cyclic extrapolation analysis 
Using CZM for every single cycle was considered impractical due to computational cost 
as mentioned also due to the fact that convergence is difficult to achieve for high cycle 
fatigue simulation. An alternative technique has therefore been adopted by other 
researchers ( Van Paepegem [107], Ural and Papoulia [108], Cocojaru [109] and Turon 
et al. [110]) in order to reduce the computational time. This technique is called cyclic 
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extrapolation or cycle-jump and it can be implemented for certain number of cycles at 
equal intervals and then extrapolated to obtain the total number of fatigue cycles to 
failure. 
 
Figure 2.12: Prediction CZM response under load-controlled conditions (a) normal, (b) shear 
traction-separation behaviour (Roe and Siegmund [104]). 
 
A schematic of the cyclic extrapolation technique is shown in Figure 2.11 (b). However, 
this approach is still computationally expensive especially for high cycle fatigue 
analyses and also for complex FMLs structures. 
2.3.3.3 Envelope analysis 
The envelope load damage model has been widely employed recently by researchers 
including Harper and Hallett [105], Kawashita and Hallett [59] and de Moura et al. [106] 
in the analysis of delamination propagation in composite materials under high cycle 
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fatigue loading using mixed-mode CZMs. In each case the maximum fatigue model 
developed by Robinson et al. [111] is used. A schematic representation of this model is 
shown in Figure 2.11 (c). A detailed description of the implementation of envelope 
fatigue loading in finite element analysis is given in chapter 6: Section 6.3. 
As this technique has proved to be highly efficient in terms of computational cost and 
accuracy, it has been utilised in this thesis to model the effects of high cycle fatigue on 
adhesively bonded FML joints using CZMs based on a mixed mode trapezoidal 
traction-separation law. 
2.4 Delamination in FML structures 
Fatigue crack propagation mechanisms in fibre-metal laminates (FMLs), including 
‘Glare’, can be divided into crack growth in the aluminium layers and delamination 
growth at the interface between the aluminium and glass fibre reinforced polymer 
(GFRP) layers. Both experimental and numerical studies have been conducted to 
investigate these damage mechanisms. Marissen [112] studied the crack growth 
behaviour of Aramid Reinforced ALuminium Laminates (ARALL) under different types 
of fatigue loading. He developed a model for the calculation of crack growth rates, 
based on analytical solutions for the stress-strain system in cracked Arall by 
considering the influence of delamination growth as a function of strain energy release 
rate and adhesive shear deformation which was validated by experimental results. 
Takamatsu et al. [113] studied fatigue crack growth of Glare3-5/4 by conducting fatigue 
tests under constant amplitude loading. They observed that fatigue crack growth of 
Glare® 3-5/4 is about 8-9% higher than that of a 2024-T3 aluminium alloy as well as 
confirming the order of the assumed residual stress in Marissen's formula [112]. Wu 
and Guo [114] investigated the characteristics of fatigue growth for the FML ‘Glare’ 
under constant and variable amplitude loading both experimentally and theoretically. 
They developed two models to predict crack growth under constant amplitude loading, 
one of which depends on the fatigue damage mechanism whilst the other 
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phenomenological model is based on the characteristics of the steady crack growth. 
The damage-based model required complicated analyses included consideration of 
bridging stresses and delamination growth variables, while the phenomenological 
model does not. They also observed retardation of the crack growth caused by an 
overload, although the effect on delamination was minor. Alderliesten [4] found that the 
failure of Glare® specimens subject to fatigue involves crack propagation and 
delamination growth under constant–amplitude loading. The stress intensity factor at 
the crack tip in the metal layers of the FML was found to determine the extension of the 
crack under cyclic loading. The investigation incorporated both theoretical and 
experimental programmes but was restricted to through the thickness cracks. 
Alderliesten and Homan [115] investigated fatigue behaviour and damage tolerance 
issues related to the application of Glare® in a fuselage skin with respect to material 
characteristics and airworthiness requirements in comparison to monolithic aluminium 
alloys. They studied crack initiation and propagation in Glare3–3/2–0.3 and compared 
the results with the monolithic aluminium 2024-T3. They validated and justified different 
approaches compared to monolithic aluminium based on a large number of 
experimental results and they found that in comparison to monolithic aluminium, Glare® 
has a high damage tolerance. 
Alderliesten [116] then proposed a model to describe the propagation of fatigue cracks 
in the aluminium layers and the corresponding delamination growth at the 
aluminium/fibre interfaces perpendicular to the crack. In this model the stress intensity 
factor at the crack tip is a function of the far-field opening stress and the crack closing 
bridging stress in the aluminium layers. The bridging stress along the crack length is 
calculated on the basis of the crack opening relations for the individual mechanisms. It 
is then used to calculate the delamination extension, using a correlation between the 
delamination growth rate and the energy release rate. It is believed that the presented 
model is generally applicable to any fibre-metal laminate, as long as the material 
properties of the constituents are known and a Paris relation for the metal layers and 
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for the delamination at the interface is available or can be determined.  
Singh et al. [117] investigated fatigue crack growth and related damage mechanisms 
experimentally in a hybrid laminate (CFRP/aluminium). A simplified empirical model 
was applied to determine an effective stress intensity factor applied to the crack tip in 
the alloy material. The fatigue crack growth rate in the hybrid laminate, characterised 
using the effective stress intensity factor, was demonstrated to be in reasonable 
agreement with the data for monolithic aluminium alloy, showing that the methods used 
to partition the load were reliable. Using data from embedded fibre-optic strain sensors, 
they demonstrated that the stress is not constant along the length of the bridging fibres, 
and there is compelling evidence to suggest that this is due to a diffuse delamination 
boundary that extends over several millimetres. It is thus evident that a complex 
combination of damage mechanisms and stress states exists in the delamination zone 
of even the simplest fibre-metal laminate structures. The delaminated area between the 
far-side skin and the core grew more slowly than that between the near-side skin and 
the core so that only the near-side delamination zone could be recorded as shown in 
Figure 2.13. 
Khoramishad [118] developed a strain–based fatigue damage model for his cohesive 
element in order to model delamination in adhesively bonded joints in composite 
laminate structures. This model incorporated different fatigue variables into the 
cohesive zone model parameters defined by, 
∆𝐷 = {0                                         ,      𝜀max  ≤  𝜀𝑡ℎ     
∆𝑁𝛼(𝜀max  −  𝜀𝑡ℎ)
𝛽   ,      𝜀max  >  𝜀𝑡ℎ               (2.9) 
𝜀max = 
𝜀𝑛
2
+√(
𝜀𝑛
2
)
2
+ (
𝜀𝑠
2
)
2
                (2.10) 
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Figure 2.13: Delamination profiles in panel H-R01 [117]. 
 
where 𝜀max is the maximum principal strain, 𝜀𝑡ℎ is the threshold strain below which no 
fatigue failure occurs, 𝜀𝑛 and 𝜀𝑠 are the normal and shear strains respectively and the 
parameters 𝛼, and 𝛽 are material properties. The effect of the fatigue load ratio 𝑅 was 
also considered by introducing a load correction factor 𝛾, to the damage model as 
reported in equations 2.11 and 2.12, 
∆𝐷 = {0                                                  ,      𝜀max   ≤  𝜀𝑡ℎ     
∆𝑁𝛼[(𝜀max  −  𝜀𝑡ℎ)𝛾
𝑛]𝛽   ,      𝜀max  >  𝜀𝑡ℎ               (2.11) 
𝛾 =
(1−𝑅) 2⁄
1−[
𝑃max
2𝑃𝑠
(1+𝑅)]
𝑚                   (2.12) 
It should be noted that when applying 𝛾 to the strain in the damage evolution law, the 
ductility needs to be taken into account. This is because, for a given change in stress, a 
more ductile material exhibits larger strain variations. This is accounted for by 
incorporating the power n in the damage evolution law (equation 2.11). This model was 
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implemented by coupling the Abaqus/Standard software with the FORTRAN user 
subroutine GETVRM. Although this model has been developed for modelling fatigue 
damage in composite laminates, it has also been used by other researchers to model 
damage in FML structures as will be explained later. Katnam et al. [119] investigated 
the effect of load ratio on the fatigue behaviour of adhesively bonded joints using both 
experimental and numerical approaches. The progressive damage of the adhesive 
material was modelled using a cohesive zone approach with a bilinear traction-
separation response. They found that the developed numerical model accurately 
predicted the effect of load ratio on the fatigue lives of both the FM73M OST and the 
AV119 single lap joints. Furthermore, their existing experimental data for FM73M OST 
correlated well with the predicted adhesive fatigue damage initiation and propagation. 
Crocombe and Sugiman [120] conducted experimental and numerical investigations on 
metal laminate (ML) doubler joints and hybrid fibre-metal laminate (aluminium-Glare) 
doubler joints under fatigue tension loading. The numerical analyses were implemented 
using Khoramishad’s cohesive zone model [118] which enables simulation of damage 
in the adhesive joints for both (ML) and (FML) interfaces. Experimental tests were 
carried out to validate the results and showed good agreement. The authors found that 
the static strength of hybrid joints is higher when the fibre direction is parallel to the 
loading direction than when the fibre is perpendicular to the loading direction. Also 
butts that exist in the ML and hybrid FML doublers joints loaded in tension shown in 
Figure 2.14, decrease their static and fatigue performance, particularly where the butt 
position is close to the stringer edge. Fatigue failure is still initiated in the aluminium 
layer close to the stringer edge where high stresses exist due to secondary bending 
and load transfer. Therefore, the design of laminate structures with the doubler joints 
loaded in tension should, where possible, minimize the stress concentration in the 
aluminium layer close to the stringer edge by using technique such as stringer run out 
(tapering). 
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Figure 2.14: Hybrid FML specimens, (a) CH-B1, (b) CH-B2 [120]. 
 
Gupta et al. [121] studied crack paths in fibre-metal laminates experimentally under 
static and fatigue off-axis loading. They observed the damage modes and failure 
mechanisms which occurred and found that although the metal is under external tensile 
loading, the fibre bridging due to the off-axis effect produces a component of shear at 
the crack tip in the metal. These two loads combine together to produce the effect of 
crack turning because of mixed-mode loading. The use of the mixed-mode parameter 
to incorporate the effects of the fibre-bridging was therefore thought to have the 
potential to provide a better understanding and estimation of the crack paths in FMLs. 
Yang et al. [122] investigated fatigue crack growth behaviour of Glare3-3/2 laminates 
with multiple-site damage (MSD). In FMLs with MSD, the combination of fibre bridging, 
load transferring, the toughness of the aluminium sheet and the secondary bending 
effect, controlled the fatigue crack growth rate. They concluded that for specimens with 
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multiple through-thickness open holes, when fatigue cracks emanated from the open 
holes and propagated, the crack growth rate was faster than for the case without the 
interaction of the cracks. They also noticed that the propagating cracks tended to 
bypass each other and form an eye-shaped region before linking-up. However in 
specimens with multiple surface cracks, cracks propagated and linked up directly 
instead of bypassing each other. Wilson [123] predicted a generalised model for the 
growth of damage in fibre-metal laminates under fatigue loading by considering FMLs 
which may consist of any arbitrary configuration of fibre-reinforced composite laminae 
combined with metallic layers .The generalised bridging load and strain energy release 
rate formulations were validated by comparison to finite element models of FML with 
non-uniform, arbitrary crack and delamination configurations. The overall model 
predictions of crack and delamination growth were validated through a series of fatigue 
crack growth tests on a variety of thick FML configurations, including some with non-
uniform thickness layers, asymmetry, differing metal alloys, and different arrangements 
of composite prepreg and adhesive plies. Chlupová and Kozák [124] studied the 
damage of the fibre-metal laminate ‘Glare’ subjected to fatigue loading with positive 
mean stress. They investigated fatigue crack initiation and growth in addition to 
delamination shape and the surface area of notched specimens experimentally. A 
model using Abaqus software was used to predict fatigue life in terms of number of 
cycles to crack initiation depending on the amplitude of the local plastic deformation 
and the local stress at the notch root, see Figure 2.15. Furthermore, they observed that 
the shape of delamination in Glare® laminate can be approximated by an ellipse. More 
recently Hosseini-toudeshky and Mazaheri [125] developed an elastic–plastic 
constitutive damage model to simulate delamination initiation and propagation in FML 
structures. However, the last two models [124, 125] were limited to only a low-cycle 
fatigue loading regime. 
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Figure 2.15: Deflection of crack initiation angle. 
2.5 Chapter summary 
The state of the art pertaining to the initiation and propagation of damage in FML 
structures under static and fatigue loading has been investigated. 
In terms of static damage literature relating to the effects of delamination damage on 
the buckling and postbuckling behaviour of panels subject to quasi static loading has 
been explored with the results of both experimental and numerical studies being 
presented. An overview of studies considering load eccentricity and geometrical 
imperfection has been included due to their importance in the accurate prediction of 
buckling behaviour. Both fibre composites and FMLs have been considered.  
Research into fatigue damage in FMLs in terms of crack growth in the metal layers and 
delamination in the interface layers in addition to the delamination of adhesively 
bonded joints has been summarised. Numerical techniques for predicting the total 
fatigue life of structures including the S-N curve method and for modelling the initiation 
and propagation of damage including the Paris law and cohesive zone models and 
modelling fatigue loading in a computationally effective way have been summarised.
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Chapter 3 - FML Manufacture and Testing 
3.1 Introduction 
This chapter describes the processes and techniques used to manufacture the 
specimens and to monitor them during testing. Whilst the specimens used for the 
quasi-static buckling tests were supplied by Airbus GmbH, those for the fatigue tests 
were manufactured in-house. The process developed in order to manufacture these is 
detailed here. During testing, specimens were monitored using acoustic emission (AE) 
to monitor damage initiation and growth and digital image correlation (DIC) to 
determine full-field displacements and strains. A high magnification camera was also 
used to monitor crack propagation. On completion of the tests, Scanning Electron 
Microscopy (SEM) was used to determine failure mechanisms. Each of these 
processes is discussed in detail. 
3.2 Specimen design 
Specimens for both buckling and fatigue tests were manufactured from the fibre metal 
laminate Glare®, which is a hybrid material consisting of alternating metal and 
composite layers. The metal layers in Glare® are made from the aluminium alloy Al-
2024-T3 and the composite layers are assembled from between two and four 
(depending on the grade) unidirectional (UD) S-2 glass fibre/FM 94 epoxy prepreg 
layers [1] as seen in Figure 3.1. The number of layers expressed as (n+1)/n e.g. 3/2 
gives the number of metal layers (n+1) and the number of composite layers (n). The 
composite layers are oriented either in one direction only, resulting in UD-laminate 
layers, or in two directions, resulting in cross-ply laminate layers. The resin used is 
epoxy FM94, which is a very tough adhesive material. 
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Figure 3.1: Schematic of the Glare
®
 4B-3/2 laminate. 
 
In this work, specimens were manufactured from Glare® 4B which consists of 0.4 mm 
thick 2024-T3 aluminium sheets and GFRP layers each having 3 plies with the layup 
[90o/0o/90o] and a cured ply thickness of 0.133 mm. 
3.3 Specimen manufacture 
The manufacture of FMLs including Glare® requires a number of stages to be 
completed in order to obtain the final laminated panels. These stages include the 
preparation of the aluminium sheets using an etching process, the cutting of the GFRP 
plies and then the hand layup and curing of the laminate. Following curing, specimens 
are cut to the required dimensions. Further detail on each of these steps is provided 
below; 
3.3.1 Surface treatment 
In order to obtain a good bond between the aluminium and GFRP plies pre-treatment 
of the aluminium sheets is required to remove the oxide layers from the aluminium 
surface. This is done by mechanical abrasion of the aluminium surface using a wire 
brush followed by chemical treatment. Both acidic (low pH) and alkaline (high pH) 
solutions are used for this purpose. The chemical treatment typically comprises three 
steps: degreasing, alkaline cleaning and acid etching [126]. The preparation of the 
sheets for the specimens used in this study was performed according to [126, 127]. 
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The first step included mechanical abrasion using Scotch-Brite™ abrasive sponges, 
followed by degreasing through the application of the cleaner Methyl Ethyl Ketone 
(MEK). The second step involved immersing the sheets in a solution of 100 g/L of 
water of sodium hydroxide (NaOH), at 60 °C for 1 min, as shown in Figure 3.2. The 
third step involved etching. This can be achieved using a number of different methods 
depending on the etching solution utilised. The most common methods are: chromic–
sulphuric acid etching (CAE) using chromic–sulphuric acid solution and potassium 
dichromate [128], Forest Product Laboratory (FPL) treatment using sulphuric acid 
solution and potassium dichromate [129], and sulfo-ferric acid (P2) treatment using 
sulphuric acid and ferric sulphate [130]. The most effective method has been shown to 
be one which incorporates chromic–sulphuric acid etching (CAE) [127]. This etching 
treatment was therefore adopted in this work and was conducted by immersing the 
aluminium sheets in a water solution of 330 mL/L chromic-sulphuric acid (97% v/v) and 
50 g/L potassium dichromate; at 60 °C for 15 min. During both the second and third 
steps, magnetic stirring was used to ensure an even temperature distribution and a 
thermocouple measured the temperature. 
 
Figure 3.2: Aluminium etching process. 
 
After steps two and three, the sheets had to be rinsed in tap water for 20 minutes. They 
were then dried in an oven at 40 °C for 30 minutes. An anodising step [131] can also 
be introduced in order to reduce corrosion which can occur due to the etching process. 
This is appropriate when the aluminium sheets will be exposed to harsh conditions in 
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service, but unnecessary for the present study where specimens will only experience 
laboratory conditions. In addition to this consideration ageing and durability are out of 
the scope of this study. 
3.3.2 Hand layup 
Following preparation of the aluminium sheets, the Glare® material was laid up by hand 
(Figure 3.3). Further detail on the exact lay-up for individual tests is given in 
Section 4.2.1 for the buckling specimens, and Section 7.3 for the fatigue specimens. 
 
Figure 3.3: Hand layup. 
3.3.3 Vacuum bagging and curing 
Following lay-up, the material was bagged and attached to the vacuum system in the 
autoclave as shown in Figures 3.4 and 3.5. For the FM 94 adhesive system [132], the 
material needed to be heated to 120 °C at a rate of (1.7 - 2.8 °C) per minute with a 
pressure of 1.86 bar and vacuum 0.9 bar applied. The temperature, pressure and 
vacuum then need to be held for 60 minutes before cooling at a rate of 3 °C min-1. This 
gives a total cure time of approximately 210 minutes including cooling. 
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Figure 3.4: Vacuum bagging process. 
 
Figure 3.5: Autoclave process. 
3.3.4 Specimen cutting 
A number of methods can be used to machine Glare. When choosing an appropriate 
method consideration should be given to the surface quality required (machining can 
cause delamination and create geometrically imperfect edges) and the effect on tool 
wear (which can be rapid due to the abrasive nature of the GFRP). Tool wear, for 
example, can be eliminated by using processes such as water and laser jet machining, 
however, in both cases, edge quality is an issue, with both processes producing 
relatively rough edges limiting their application [126]. 
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In this work, the cutting process was performed in two stages as shown in Figure 3.6. 
In the primary stage, specimens were cut to size using a Toyo tile saw. Following this, 
a carbide milling cutter was used to achieve a high-quality finish and geometric 
accuracy. The latter was recommended in [133] for cutting highly abrasive materials 
such as the GFRP included in the Glare® laminate. 
 
Figure 3.6: Cutting the Glare
®
 panel, (a) pristine panel, (b) stage-1 using the tile cutter and (c) 
stage-2 using the milling cutter. 
3.3.4.1 Tile cutter 
A 500 W Titan tile saw was used to cut the Glare® panels into specimens of the 
required width (see Figure 3.7) by wet-cutting using a diamond blade cutting was 
achieved without generating significant heat which might have affected the material 
properties of both the resin and the aluminium. The cutter used also had the benefit of 
being only 1 mm thick, minimising the amount of material lost during the cutting 
process. Despite these advantages, the tile saw was not able to generate a smooth cut 
and avoid delamination, therefore it was necessary to go through another stage of 
cutting using a carbide milling cutter to achieve this. 
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Figure 3.7: The tile cutter used in this work. 
3.3.4.2 Carbide milling cutter 
A relatively high-speed cutting device and low feed rate are recommended in [1], 
particularly when machining harder (glass fibre based) fibre metal laminates. Milling of 
Glare® laminates was carried out using a plain milling machine fitted with a spiral tooth 
cutter to ensure a smooth finish (in comparison to a straight tooth cutter). Diamond cut 
solid carbide cutters are recommended when cutting glass based products and were 
used here. Typically, when using tooth cutters, a depth of cut of about 1.5 mm and 
cutter surface speed of 1200 – 1800 mm/min may be used. For glass based materials 
as in this case, using diamond cut solid carbide tooling, a 10 mm diameter cutter at a 
cutter speed of 2000 – 3000 rpm and a feed rate of 500 mm/min is recommended and 
was used here see Figure 3.8. 
 
Figure 3.8: Milling cutting process. 
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3.4 Monitoring techniques 
In this study, three systems were used to monitor both the static and the fatigue 
behaviour of Glare® laminates during testing. These systems were acoustic emission 
(AE) which was used to detect the initiation and propagation of damage, a high 
magnification video camera to measure the crack length from the edge of the 
specimens, and digital image correlation (DIC) which was used to measure surface 
displacements. 
3.4.1 Acoustic emission instrumentation and techniques 
AE is a physical phenomenon by which elastic energy is generated from a mechanical 
source such as a defect, in the form of elastic waves which propagate through the 
material. When these reach the surface, they cause surface deformations which can be 
detected using piezoelectric transducers [134], Analysis of these signals in terms of 
their relative arrival time at a group of sensors and the characteristics of the wave itself 
allows the initiation and growth of damage to be identified and located [135], [136]. This 
method has advantages over other ultrasonic techniques in that it is passive and does 
not require an input signal to be generated and it is highly sensitive [137]. The following 
sections detail the particular experimental setup used in this work and outline the 
methods used to locate the damage which occurs. 
3.4.1.1 AE wave mechanisms 
Emission from AE sources can be categorised as either transient or continuous. 
Continuous AE signals come from sources such as machine vibrations, friction and 
flow or leakage noise. Transient waves which are used in this work, are burst type 
signals with an obvious start and end point which originate from sources such as 
abrupt and permanent changes in material including fractures, crack growth, corrosion 
and defect related deformation processes (Vallen [138]). 
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If the two surfaces of the structure through which these waves propagate are 
sufficiently close together for example in the case of a plate as we have here, many 
reflections and mode conversions occur. The waves couple together into more complex 
surface waves known as Lamb waves. Two families of Lamb wave modes exist: the 
symmetric or extensional modes which are mostly in the plane and the asymmetric or 
flexural modes which are mainly out-of-plane. Both can be seen in Figure 3.9. Within 
these two modes, there are particular frequencies which carry the majority of the elastic 
energy. These are known as the zero order modes and are designated 𝑆0 (symmetric) 
and 𝐴0 (antisymmetric). Higher order wave modes exist, however, they have lower 
amplitudes and contain little energy and are often difficult to detect. 
 
Figure 3.9: Lamb wave modes in a solid plate[139]. 
 
For a fixed plate thickness, different frequency components of the Lamb waves travel 
at different velocities. This variation is plotted in dispersion curves such as the one 
shown in Figure 3.10 with velocity plotted on the vertical axis and frequency (or 
thickness-frequency) on the horizontal axis (in this case generated using the 
commercially available, DISPERSE software). 
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Figure 3.10: Typical dispersion curves for a 2.15mm thick cross-ply laminate[38]. 
 
From the figure, it can be seen that the 𝑆0 mode travels at a higher velocity at low 
frequencies with the velocity determined by the in-plane stiffness of the plate. The 𝐴0 
mode however is slow and highly dispersive, because its velocity is determined by the 
out-of-plane stiffness of the plate (which is much lower) and depends strongly on 
thickness. This difference results in the form of the transient wave an example of which 
is shown in Figure 3.11 in which we can see that the So mode which travels fastest, 
arrives first, followed by the 𝐴0 mode which is slower. 
 
Figure 3.11: A typical AE lamb wave with signal modes separation. 
 0
 0
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A full understanding of the effects of propagation on the AE signals is essential for AE 
analysis particularly when considering anisotropic materials such as the Glare® material 
used in this study because the material properties and therefore the propagation 
characteristics vary with direction which needs to be accounted for particularly for 
example when dealing with location. More information can be found in Rindorf [139], 
Pollock [140] and Gorman and Prosser [141]. 
3.4.1.2 AE sensors 
An acoustic emission sensor is a piezoelectric element that produces a measurable 
voltage signal which is proportional to the physical parameter it is monitoring. 
In order to detect the surface displacement resulting from an AE event, suitable 
piezoelectric transducers are used. A typical piezoelectric transducer construction is 
presented in Figure 3.12. When stress waves (Lamb waves) arrive at the specimen 
surface, small displacements will occur. The piezoelectric element detects this 
mechanical movement and converts it into an electrical signal. The frequency response 
of the transducer is defined by the geometry. 
 
Figure 3.12: Schematic diagram of a typical AE sensor bonded on a specimen surface 
(Figure reproduced from [142]). 
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Generally, AE sensors are categorised into two types; wideband and resonant. 
Resonant sensors are biased towards particular frequencies, at which the piezoelectric 
material oscillates at a greater amplitude than at other frequencies. The working range 
of a typical resonant or narrow-band sensor within 1 MHz span is presented in 
Figure 3.13 for a sensor with a resonant frequency of 0.29 MHz. This behaviour 
improves the detection sensitivity if the expected frequency of the desired signals 
matches the resonant frequency of the transducer. 
 
Figure 3.13: Theoretical resonant frequency transducer response [143]. 
 
Wideband sensors have a flatter frequency response and work across a much larger 
frequency range than that of resonant sensors whilst maintaining a good level of 
sensitivity. A typical flat frequency response is presented in Figure 3.14. Wideband 
sensors are often used in research applications, especially when frequency analysis or 
identification of wave modes is required. 
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Figure 3.14: Theoretical frequency response of a wideband sensor [143]. 
 
In this study, two types of sensors were used, the WD wideband and Nano-30 resonant 
sensors, both manufactured by Mistras™ Group. The working frequencies, resonant 
frequencies and dimensions of both sensors are given in Table 3.1, with examples of 
typical calibration certificates for each shown in Figure 3.15. The Nano-30 which has 
clear peak frequency at approximately 300 kHz (seen from the calibration certificate) 
has an 8 mm diameter and is therefore most suitable for mounting on small specimens 
or those in which only a small area is available for mounting the sensor. The WD 
wideband sensor which has a relatively flat frequency response without any dominant 
peaks has a higher resonant frequency in comparison and can therefore be used to  
localise damage in complex structures such as the Glare® laminate used here which 
generate a range of frequency activity during damage initiation and propagation which 
is difficult to distinguish using low resonant frequency sensors. 
 
Table  3.1: Manufacturers specifications of the AE sensors used throughout this work [144]. 
Sensor Type Dimensions 
𝑑∗ × 𝑡∗ 
(mm) 
Operating Frequency Range 
(kHz) 
Resonant Frequency 
(kHz) 
Wideband 
(Mistras™ WD) 
18 × 17 100-1000 650 
Resonant 
(Mistras™ Nano-30) 
8 × 8 125-750 300 
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(𝑑∗ = sensor diameter, 𝑡∗ = sensor thickness) 
 
Figure 3.15: Typical calibration certificates for (a) WD and (b) Nano-30 sensors (Sensitivity dB 
ref. 1 V/μbar). 
3.4.1.3 Sensor mounting and acoustic couplant 
The quality of the signals recorded by the AE sensors is critical to the success of the 
test method. If the sensor is placed directly on the specimen surface a very weak signal 
is produced by the sensor. At the interface, air gaps (due to the microstructure of the 
two contacting surfaces) cause energy transmission loss in the acoustic wave because 
the acoustic impedance of air is much lower than that of the test specimen and the 
sensor surface. Poor quality signals will limit the test method’s ability to detect defects 
in a structure. To ensure good acoustic wave transmission between the sensor and the 
specimen and to hold the sensor in position, a couplant needs to be used. A couplant 
can be defined as any material which aids the acoustic wave transmission between 
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sensor and specimen surface by filling any gaps between the two surfaces and 
expelling the air to increase the transmission of energy. In order to achieve the optimal 
energy transmission between the sensor and the specimen surface, correct couplant 
selection is essential. There are many considerations when selecting the correct 
couplant for an AE test such as test duration, couplant stability, the frequency of 
sensors removal, test environment and the type of wave to be detected. According to 
[145] the selected couplant should: 
a) Be appropriate to the test environment; 
b) Not cause any damage to the structure or transducer; 
c) Be suitable for the type of motion detected. 
The different types of couplants used include liquid, gel, grease and adhesive 
couplants. Silicone rubber compound adhesive was used in this work because it can be 
applied as a fluid to achieve a thin, bubble free couplant and at the same time provide 
a permanent bond between the sensor and the structure under test [143]. This thin 
layer can provide excellent sound transmission with a relatively strong bond. 
Furthermore, silicone rubber compound works well on rough surfaces and has good 
resistance to bond failure if surface movement might occur during the test and is 
therefore suitable for vertical mounting applications. This type of bond enables easier 
sensor removal after use with lower risk of sensor damage compared with other 
commonly used methods such as cyanoacrylate bonding. 
In this study, a silicone couplant (multi-purpose silicone sealant Loctite™ 595) was 
used at the interface. A mechanical clamp was applied initially as shown in Figure 3.16 
and then removed when the silicone was dry dried after 24 hours. 
Chapter 3 – FML manufacture and Testing 
63 
 
Figure 3.16: AE sensors position on the specimen with proposed mechanical clamp. 
3.4.1.4 Data acquisition and storage 
The PCI-2 data acquisition system manufactured by Mistras™ Group Limited (MGL) 
was used in this study (board diagram [5]). This system utilises a series of PCI-2 
boards, each of which has two low noise AE channels with the potential to use up to 
four boards to provide a maximum of 8 channels. Data was recorded with a 5 MHz 
sample rate, recording over 1.2 ms for each hit received to ensure the capture of full 
waveforms since using high acquisition and processing rates along with the capture of 
full waveforms leads to a much deeper understanding of AE wave propagation. 
3.4.1.5 AE pre-amplifier 
A pre-amplifier located close to the sensor, provides gain to allow the signal to be 
translated along a length of cable (so, if necessary, the main AE hardware can be 
placed hundreds of metres from the structure under test) and low frequency filtering to 
remove undesirable mechanical noise, before passing to the processor for digitisation 
via a coaxial cable. The AE signals in this work were amplified using a 2/4/6 pre-
amplifier which is a voltage pre-amplifier with switch-selectable gain ranges of 20, 40 
and 60 dB (Figure 3.17). This amplifier has a band pass filter, with a range of 100–
1200 kHz. The gain was set to the default value of 40 dB and a threshold of 45 dB was 
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chosen, which was just above the background noise level. This selection of threshold 
was based on previous research on isotropic materials. 
 
Figure 3.17: PAC’s 2/4/6 Pre-amplifiers. 
3.4.1.6 Hsu-Nielson (H-N) source 
After the sensor is installed and connected to the monitoring equipment, and before 
monitoring begins, the system sensitivity (performance) needs to be checked. This 
involves simulation of the AE source and the most common technique for doing this 
uses the Hsu–Nielsen source [146], shown in Figure 3.18. This technique is a cheap 
and effective method for sensitivity assessment and is based on pencil lead breaks. 
The test is conducted using the H-N pencil which uses a grade 2H lead with a 0.3 or 
0.5 mm diameter which is broken at an angle of 30° against the surface of the structure 
being monitored. A repeatable angle can be achieved by using the PTFE guide ring the 
‘Nielson  hoe’ which is fixed to the end of a retractable pencil. This generates an 
intense acoustic signal, similar to the natural AE sources that the sensors detect as a 
strong burst. The test also verifies the quality of the acoustic coupling between the AE 
sensor and the surface of the structure under test. It is essential to have enough AE 
sources (pencil lead breaks) at each node to provide reliable results and to eliminate 
erroneous data and this can be achieved by conducting at least five sources at each 
node [147]. In all tests during this investigation, a properly mounted sensor on a 
specimen’s surface responded to a H-N source with an amplitude of 98 to 100 dB 
generated adjacent to the sensor. 
The recommended procedure for pencil lead breaks is as follows[147]; 
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a) The lead feed button on the pencil is pressed repeatedly until the lead protrudes. 
b) The end of the lead is levelled with the end of the guide tube by pressing the tip of 
the pencil perpendicularly towards an even surface while the feed button is pressed 
down. 
c) The button is pressed a few times to cause the lead to protrude about 3 mm. 
d) The pencil is guided obliquely towards the test object until the guide ring rests on the 
surface. 
e) The pencil is pivoted about the point of contact towards a steeper position to cause 
the lead to break. 
 
(a) Nielsen Shoe on Hsu Pencil Source. 
 
(b) Nielsen Shoe. 
Figure 3.18: The H-N source method and guide ring, after [146]. 
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3.4.2 AE source location 
3.4.2.1 Time of arrival (TOA) 
Identification of the location of a source of damage using AE data is traditionally 
achieved using a triangulation technique based on the difference in signal arrival times 
between the transducers located closest to the damage. By using a known wave 
velocity the location of an AE event can be estimated by minimising the error between 
the measured and calculated difference in arrival times. A detailed description of this 
method is given by Miller [148]. This technique has been used extensively to identify 
AE source location in isotropic and homogenous structures. However, in real structures 
the wave speed is rarely constant due to thickness changes and anisotropy (for 
example in composite materials where the wave velocity is dependent on the 
propagation direction with the wave velocity of the fastest propagating mode being 
considerably higher in the fibre direction). In addition to these, geometric features such 
as holes, lugs and structural discontinuities will have a considerable effect on the 
propagation path and velocity [68, 149, 150]. 
These factors mean that the assumptions relied upon by the TOA technique are invalid 
in certain circumstances and hence will introduce errors in the source location 
calculation. In order to improve arrival time estimation, a number of approaches have 
been investigated. The method used in this study is Delta-T source location which is 
described next. 
3.4.2.2  Delta-T source location 
As discussed in the previous section, one of the major assumptions made for TOA 
location is a constant wave velocity. It is known that due to their inhomogeneity, wave 
velocities in composite materials exhibit a directional dependency, thus creating an 
inherent inaccuracy in location. To overcome the location problems created by the 
complexity of these structures and inhomogeneity of materials a novel method of 
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source location has been developed in which an AE location array is mapped with an 
H-N source placed at a grid of known positions. A detailed description of the “Delta-T” 
mapping technique which showed an improvement over TOA location of over 50% in 
complex structures can be found in Baxter [143]. Improved location using the “Delta-T” 
Technique requires a number of steps according to [38] as follows:  
 Determine the area of interest - Delta-T source location can provide complete 
coverage of a part or structure or it can be employed as a tool to improve source 
location around specific areas of expected fracture, which could be identified via 
finite element modelling. 
 Construct a Map System - A grid is placed over either the entire component or a 
specific area of interest within which AE events will be located; the higher the 
resolution of the grid the greater the accuracy. The grid resolution can be increased 
around features of interest but should not be smaller than one wavelength, this 
being the minimum location resolution possible. It should be noted that sources are 
located with reference to the grid and not the sensors and it is not required that 
sensors be placed within the grid. 
 Obtain time of arrival data from an artificial source – An artificial source 
(nominally an H-N source) is conducted at the nodes of the grid to provide AE data 
for each sensor. The artificial source is performed several times at each node to 
provide an average result and to eliminate any erroneous data. It is not essential to 
have AE data from every node in the grid because missing data points can be 
interpolated from surrounding nodes. 
 Calculate Delta-T map – Each artificial source results in a difference in arrival time 
or Delta-T for each sensor pair (an array of four sensors has six sensor pairs). The 
average Delta-T at each node is stored in a map for each sensor pair. The resulting 
maps can be visualised as contours of constant Delta-T, such as those shown in 
Figure 3.19 for a steel plate containing numerous holes. 
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 Locating real AE data – The Delta-T values from a real AE event are calculated for 
each sensor pair. A line of constant Delta-T equivalent to that of the real AE event 
can then be identified on the map of each sensor. By overlaying the resulting 
contours, a convergence point can be found that indicates the source location. As 
with time of arrival, a minimum of three sensors is required to provide a point 
location and more sensors will improve the location. In theory, all the lines should 
intersect at one location, however, in practice, this is not always the case. Thus in 
order to estimate a location all convergence points are calculated and a cluster 
analysis provides the most likely location. 
 
Figure 3.19: An example of a Delta-T location map in a steel plate containing holes [143]. 
3.5 High magnification video camera 
A single video camera with high magnification micro-lenses was used to capture 
images to measure the crack length through the thickness of the doubler specimens 
used for the fatigue tests in chapter 7. This was done using a Q-400 Camera (focal 
length 75 mm, sensor size 2/3”-CCD and minimum object distance (MOD) 700 mm) 
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fitted with C-mount compact Pentax Ricoh precision lenses manufactured by Jos. 
Schneider Optische Werke Kreuznach GmbH (Figure 3.21). Extension tubes were 
used to increase the image distance between the lens and the camera sensors, 
allowing the lens to focus on objects at a shorter distance than would be possible 
without a spacer (Figure 3.21). This decreased object distance increases the 
magnification of the image on the camera sensor while decreasing the depth of field. In 
these experiments, a two C/CS mount lens extension tubes each 40 mm long were to 
create high-resolution images of the area of interest (see Figure 3.21). 
This test was conducted under monotonic loading and the images were captured 
manually, taking snapshots approximately every 1 kN and then stopping the test when 
the pre-cracked length reached 1mm. This test was repeated for a series of specimens. 
Specimens were polished using a silicon carbide abrasive paper with a grade 1200 Cw 
and then cleaned using an acetone cleaner to get a smooth and shiny surface for good 
images and then labelled with a scale unit of 1 mm using a thin marker pen. An image 
taken through the thickness of the sections is shown in Figure 3.20 from the pre-
cracked doubler specimen. 
 
Figure 3.20: Micro-video camera setup for through-thickness crack measurement left and 2D 
micro-image for pre-cracked doubler specimen (particularly doubler joint section) right. 
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Figure 3.21: (a) C-Mount compact micro lenses, (b) Extension tube set. 
 
3.6 Digital image correlation (DIC) system 
Digital Image Correlation (DIC) is an optical measurement technique that can be used 
to carry out full-field, non-contact, two or three-dimensional measurement of the shape, 
displacements and strains of the specimens throughout testing [151]. By monitoring 
surface profile in real time this information can then be used for example to provide 
useful information to enable the user to distinguish possible failure mechanisms such 
as delamination. 
DIC works by directly detecting the surface displacements of the structure under 
investigation from digital images of a random speckle pattern applied to its surface 
using a process of pattern recognition and tracking. Using either 1 (for 2D tracking) or 2 
(for 3D tracking) camera. As the test proceeds images captured from the deformed 
specimens are compared with a reference image taken prior to testing and therefore 
representative of the undeformed specimen to match subsets of pixels (square sets of 
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pixels as indicated by the red box in Figure 3.22) using an image correlation algorithm 
[152] and tracking these throughout the test to allow displacement profiles to be 
determined. For each pair of image subsets are moved through the entire field of view 
with a fixed increment or step size (the number of pixels that the subset is moved within 
the field of view for each displacement calculation) to characterise the displacement 
across the whole field of view. 
 
Figure 3.22: DIC Image correlation process example, Figure reproduced from correlated 
solutions [152]. 
3.6.1 Speckle pattern 
Specimens need to be prepared via application of a random speckle pattern on their 
surfaces. This can be done in a number of ways depending on the size of speckle 
pattern required. In this work it was achieved by first spraying a uniform white primer to 
the specimen surface. A fine speckle pattern was then created using black primer, 
applying only light pressure to the release valve to get a random speckle with 
homogenous density (Figure 3.23). 
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Figure 3.23: Speckle pattern of the pristine specimen used in buckling tests (Chapter 4). 
3.6.2 DIC Calibration 
Calibrating the DIC system is key to ensuring that the measured results are accurate. 
DIC calibration provides the metric information to relate the ideal model of the camera 
to the actual physical device and to determine the position and orientation of the 
cameras with respect to a global reference system. This information includes two kinds 
of parameters, intrinsic parameters and extrinsic parameters. The intrinsic parameters 
indicate the internal geometric and optical characteristics of the camera, such as the 
focal length of the lens, lens distortions and the distances between the lenses and the 
CCD image device. The extrinsic parameters indicate the external geometric relation 
between the camera and the specimen, in terms of a rotation matrix and a translation 
vector. With the calibration data, the DIC system can translate the image coordinates to 
the geometric coordinates. 
The cameras are calibrated for a given test space using a calibration target 
(Figure 3.24) chosen based on specimen size and working distance. The target should 
be between 100% and 200% of the desired field of view and should be positioned a 
suitable distance from specimen according to the type of lenses used. The target 
consisting of a grid of dots of known spacing is placed in front of the camera. A series 
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of images are acquired rotating the target between images. Based on these images 
and information about the grid the intrinsic and extrinsic parameters can be calculated 
and the system is calibrated. 
 
Figure 3.24: Calibration target. 
3.6.3 DIC set-up 
The set up used in this work to monitor the buckling and postbuckling behaviour of the 
specimens is shown in Figure 3.25. A pair of greyscale cameras (in this case two 2/3-
inch grey scale CCD Limess™ sensors), each with a resolution of 1600 × 1200 pixels, 
fitted with lenses of focal length 28 mm to enable a working distance of (300-600 mm) 
were then used to capture the movement of the speckle pattern applied to the 
specimen. The cameras were fitted to a bar mounted on a tripod and directed towards 
the specimen with a typical angle of 50o between the two cameras as shown in 
Figure 3.25 [37]. Calibration was performed with a target comprising a 9 × 9 grid with 
dimensions 40 mm × 40 mm (Dantec Dynamics) (Figure3.24). A calibration residuum 
(the average uncertainty of the found markers in the unit of pixels and which should 
usually have a value of less than 0.3 depending on the type of calibration target used in 
the test [151]) of < 0.1 pixels was considered acceptable. 
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Figure 3.25: Schematic for the 3D DIC system calibration procedure. 
 
Tests were lit using a HiLis™ monochromatic LED system. Images were captured 
manually in approximately 1 kN steps and post-processed using the ISTRA 4D 
software with a subset size 17 pixels. Whilst the default size of the subset is 29 pixels a 
number of studies have indicated that the optimum value is between 17 and 21 pixels 
[153]. The spatial resolution was 2 mm and was calculated based on the actual width of 
the specimen and the width of the DIC image in pixels. The default step size of 5 pixels 
which has been shown to be suitable for situations where the specimen exhibits a 
uniform or slowly varying displacement and strain response as is the case for the 
buckling experiments performed here was chosen in this study. A step size of 1 pixel 
was also considered but typically resulted in a significant amount of noise in the data 
that needed to be filtered out in the post-processing. A numerical investigation 
conducted by Wang et al. [154] using 1, 3, 5, and 7 pixels step sizes concluded that the 
influence of the step size on the displacement field is minor. Figure 3.26 shows an 
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example of the results from the 3D DIC system used in this work, presenting a typical 
contour of the out-of-plane displacements measured for the pristine far-field specimen 
under compression load. More details on experimental setup are given in Chapter 4. 
 
Figure 3.26: Typical DIC contour for the out-of-plane displacements of one of the pristine 
specimen used in buckling tests in Chapter 4. 
3.7 Scanning Electron Microscopy (SEM) 
The final technique discussed in this chapter is scanning electron microscopy which 
was used to allow the damage mechanisms present following the quasi static tests 
described in Chapter 4 to be identified and located.  Sections were taken to enable 
areas both remote from and within the joints in the specimens to be examined for both 
splice and doubler features. These sectioned specimens were finished by grinding with 
wet silicon carbide paper and polishing with acetone cleaner. A carbon coating, which 
gives a more suitable matt finish in comparison to the alternative gold coating for 
metallic specimens, of 10-20 nm was applied by thermal evaporation. Specimens were 
then examined using a SEM type (FEI/Philips XL30 FEG ESEM) with the setup shown 
in Figure 3.27. Micrographs were captured under high vacuum using a 30 µm aperture 
and 20 kV accelerating voltage with a working distance of 10-12 mm between the 
specimens and the aperture. 
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Figure 3.27: SEM experimental setup. 
 
3.8 Chapter summary 
The techniques used to manufacture the Glare® specimens used for fatigue testing, 
along with details of the acoustic emission, DIC, high magnification video camera and 
SEM utilised throughout this research are described in this chapter. 
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Chapter 4 - Buckling/Postbuckling of FMLs with 
Internal Features: Experiments 
4.1 Introduction 
This chapter focuses on examining the effect of two different types of joints (doublers 
and splices) with and without artificial delaminations in addition to the effect of a 
circular artificial delamination, on the buckling and post buckling characteristics of 
Glare® fibre-metal laminates (FMLs) plates based on a series of experiments. 
Specimens containing these joints were tested under in-plane compression and 
monitored using digital image correlation (DIC) for visualisation of three-dimensional 
full-field displacements and acoustic emission (AE) monitoring to detect damage. The 
AE analysis was implemented using the novel Delta-T location algorithm used for the 
first time to monitor damage initiation and propagation in complex FML structures, 
enabled the detection and location of damage events. Results were validated using 
Scanning Electron Microscopy (SEM) to determine the damage mechanisms present. 
The experimental results were validated via three-dimensional Finite Element (FE) 
models generated using Abaqus/Explicit software and a detailed explanation of this 
numerical analyses and the FE models used is discussed in Chapter 5. 
4.2 Experimental methods 
4.2.1 Specimen design 
Specimens measuring 140 mm × 80 mm (unsupported dimensions; when clamped 
100 mm × 80 mm) were manufactured incorporating longitudinal splice and transverse 
doubler features as shown in Figure 4.1. These specimens were made by Airbus  
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Figure 4.1: Layout of Glare
®
 4B specimens, (a) longitudinal splice and (b) transverse doubler. 
 
Germany GmbH from 0.4 mm thick sheets of aluminium alloy 2024-T3 and Hexcel™ 
S2-glass/FM94 glass fibre reinforced polymer (GFRP) unidirectional prepreg. Each 
GFRP ‘layer’ has 3 plies with the layup [90o/0o/90o] and a cured ply thickness of 
0.133 mm. The layup on one side of the joint was ‘3/2’ (three layers of aluminium and 
two layers of GFRP prepreg) and on the other ‘4/3’ (four layers of aluminium and three 
layers of prepreg), according to the standard designation of commercial ‘Glare® 4B’ 
shown in Table 4.1[1]. Artificial delaminations were introduced by embedding a 4 mm 
wide strip of PTFE film of thickness 10 µm. This artificial delamination is representative 
of those which could potentially be generated during manufacturing. 
In addition, specimens without splice or doubler features were also investigated. These 
Splice jointResin pocket Doubler joint
1
4
0
 m
m
80 mm
80 mm
5
0
 m
m
7
0
 m
m
15 mm
Artificial delamination
A
rt
if
ic
ia
l d
e
la
m
in
at
io
n
40 mm
Doubler joint
Sp
li
ce
 jo
in
t
R
e
si
n
 p
o
ck
e
t
5 mm
A A
B
B
4 mm
Section A-A Section B-B
(a) (b)
Chapter 4– Buckling/Postbuckling of FMLs with Internal Features: Experiments 
79 
are referred to as ‘far-field’ specimens, since they represent the FML in regions far 
enough from the splice/doubler joint so that the latter do not influence their stress state 
when loaded. Two types of far-field specimens were considered, namely pristine and 
those with artificial circular delaminations. These delaminations had a diameter of 
50 mm and were created by inserting a circular film of PTFE, 10 µm thick, into the 
interface between the first aluminium layer and the first GFRP ply, as shown in 
Figure 4.2.  
 
Figure 4.2: Layout of a ‘far-field’ specimen (i.e. without splice or doubler features) of 
Glare® 4B-3/2 with a circular delamination. 
Table  4.1: Standard grades of commercial Glare® laminates[1]. 
Grade Sub- 
Grade 
Alloy Metal sheet 
thickness 
[mm] 
GFRP sub- 
laminate 
layup 
Main beneficial 
characteristics 
Glare
®
 1 - 7475-T761 0.3 – 0.4 0 / 0 fatigue, strength 
Glare
®
 2 Glare
®
 2A 2024-T3 0.2 – 0.5 0 / 0 fatigue, strength 
Glare
®
 2 Glare
®
 2B 2024-T3 0.2 – 0.5 90 / 90 fatigue, strength 
Glare
®
 3 - 2024-T3 0.2 – 0.5 0 / 90 fatigue, impact 
Glare
®
 4 Glare
®
 4A 2024-T3 0.2 – 0.5 0 / 90 / 0 fatigue, strength 
(especially in 0° direction) 
Glare
®
 4 Glare
®
 4B 2024-T3 0.2 – 0.5 90 / 0 / 90 fatigue, strength 
(especially in 90° direction) 
Glare
®
 5 - 2024-T3 0.2 – 0.5 0 / 90 / 90 / 0 impact 
Glare
®
 6 Glare
®
 6A 2024-T3 0.2 – 0.5 +45 / -45 shear, off-axis properties 
Glare
®
 6 Glare
®
 6B 2024-T3 0.2 – 0.5 -45 / +45 shear, off-axis properties 
      
Chapter 4– Buckling/Postbuckling of FMLs with Internal Features: Experiments 
80 
 The far-field specimens were made by Airbus Germany GmbH as well from same 
grade of aluminium and GFRP materials described earlier for the splice and doubler 
specimens. The layup was ‘3/2’ (three layers of aluminium and two layers of GFRP 
prepreg), according to the standard designation of commercial Glare® 4B shown in 
Table 4.1. 
4.2.2 Test setup 
The specially designed test rig shown in Figure 4.3 was manufactured from stainless 
steel 304. Specimens are held in place with two pairs of clamps. The frame was 
mounted in a Zwick® servo-hydraulic testing machine (fitted with a 500 kN load cell) as 
shown in Figure 4.4. The rig is designed such that when tension is applied, the loading 
plates apply a compressive load to the specimen with axial movement of the rig being 
facilitated by four bronze journal bearings. The machine was operated under 
displacement control with a crosshead velocity of 0.1 mm/min. A total of six types of 
specimens were tested, namely splice, doubler and far-field specimens with and 
without artificial delaminations, with two repeats each, totalling 12 specimens.  
 
Figure 4.3: Buckling rig design (dimensions in mm). 
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(a)             (b) 
Figure 4.4: Experimental setup (a) and position of WD AE sensors on the specimen (b). 
 
4.3 Instrumentation 
4.3.1 Digital Image Correlation (DIC) system 
 pecimens were monitored using a Dantec™ Dynamics Q-400 DIC system described 
in Chapter 3, Section 3.6.  
4.3.2 Acoustic Emission (AE) system 
Three Acoustic Emission (AE) sensors were mounted on both splice and doubler 
specimens to monitor damage events during the buckling and postbuckling regimes 
(see Figure 4.4). The 18mm diameter wideband (WD) sensors used in this work were 
supplied by Mistras™ Group and had a frequency range of 100-1000 kHz. These were 
chosen because they cover a wide range of waveform frequencies which enable them 
to detect the different types of energy produced from different materials incorporated 
into the Glare® laminate. As for the far-field specimens, four (Nano-30) AE sensors 
manufactured by Mistras™ Group were used. These have a frequency response range 
of 125-750 kHz and diameter of 8 mm and they were bonded onto the specimen as 
Crosshead
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Chapter 4– Buckling/Postbuckling of FMLs with Internal Features: Experiments 
82 
shown in Figure 4.5. These sensors were used to monitor damage for the far-field 
specimens instead of the wideband sensors used for the splice and doubler specimens 
due to narrow space causing by relatively big size artificial delamination that need to be 
monitored. Both types of sensors were bonded to the specimens using multi-purpose 
silicone sealant Loctite™ 595. The sensors were connected to a Mistras™ Group 
PCI2 acquisition unit with a 45 dB threshold (as recommended by previous studies 
including Büyüköztürk and Taşdemir [155], Pearson [156] and Al-jumaili [134] for a 
wideband differential transducer) and a sampling rate of 5 MHz, recording over 1.2 ms 
to capture full waveforms, through pre-amplifiers with a 40 dB gain and a built-in band 
pass filter of 20-1200 kHz.  
Event locations were calculated using the bespoke ‘Delta-T Mapping’ location algorithm 
described in Chapter 3 in section 3.4.2.2 In the present work the Delta-T method has 
been applied for the first time in the monitoring of damage development in Glare® 
laminates. The sensitivity and accuracy of the method make it a strong candidate for 
the monitoring of FML structures containing anisotropic laminae [157] and internal 
features (such as splices and doublers) which are prone to high cycle fatigue damage.  
 
Figure 4.5: AE sensor positioning for far-field specimens. 
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4.3.3  Scanning Electron Microscopy (SEM) 
Specimens were studied following testing using scanning electron microscopy to allow 
the damage mechanisms present to be identified and located. Sections were taken to 
enable areas both remote from and within the joints to be examined for both splice and 
doubler features (the locations at which these sections were taken are shown in 
Figure 4.6 for both splice and doubler specimens). These sectioned specimens were 
finished by grinding with wet silicon carbide paper and polishing with acetone cleaner. 
Specimens were then examined using a SEM type (FEI/Philips XL30 FEG ESEM) as 
shown in Figure 3.27. Further details on experimental setup are provided in 
Section 3.7.  
 
Figure 4.6: Sections of the Glare®4B specimen observed under SEM, (a) longitudinal splice and 
(b) transverse doubler. 
4.4 Results and discussion 
4.4.1 Splice specimens 
Figures 4.7 and 4.8 show the load versus in-plane displacement curves and section 
stress versus normalised in-plane displacement curves for the splice specimens, 
respectively (Specimen 1 of the laminates with defects suffered from slippage in the rig 
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and has therefore not been considered). The normalised displacement is the ratio 
between in-plane displacement and initial specimen length, i.e. 𝛥𝑥 𝑙0⁄ , where 
𝑙0 = 100 mm for all specimens and section stress is defined as the load divided by the 
cross-sectional area of the specimen, while the. It should be noted that ‘section 
stresses’ are global measures and may not reflect the local stress states in each of the 
material constituents. Approximate ‘lamina stresses’ can be recovered during the initial 
elastic regime via the assumption of uniformity of in-plane strains. This will be 
discussed later in this chapter, based on the material strengths provided in 
Section 5.2.3. The in-plane displacements were obtained from the DIC data rather than 
the machine cross-head displacement as the former is more accurate (since it is not 
affected by the compliance of the machine). In terms of the ultimate compressive loads 
for the splice coupons the experimental values are 13.66 kN and 13.72 kN 
(corresponding to section stresses of 77.86 MPa and 78.20 MPa) for the specimens 
with and without defects respectively. The effect of the inserted delamination on both 
pre and postbuckling stiffness and ultimate strength therefore appears to be negligible. 
This could be due to the relatively small delamination size relative to the specimen 
size, or the fact once global buckling has started to occur the deformation of the 
specimen tends to close any delamination initiated by the insertion of this localised 
defect which is in front of the specimens neutral axis and therefore sits between plies 
which are under tension during bending, which consequently has little effect on the 
performance of the joint under compression. 
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(a)             (b) 
Figure 4.7: Axial force versus in-plane displacement for splice specimens; (a) pristine and (b) 
with an artificial defect. 
  
(a)             (b) 
Figure 4.8: Section stress versus normalised in-plane displacement for splice specimens; (a) 
pristine and (b) with an artificial defect. 
 
Figure 4.9 shows the contours of the out-of-plane displacement at initial buckling (in-
plane displacement 𝛥𝑥 = 0.166 mm), peak load (𝛥𝑥 = 0.385 mm) and postbuckling 
(𝛥𝑥 = 0.809 mm), obtained from DIC data. These are compared with AE location data 
using the Delta-T algorithm described earlier. The results presented are for splice 
specimens incorporating an artificial defect, but the pristine specimens presented very 
similar behaviour indicating that the effect of the damage introduced on the mode 
shape and the amplitude of out-of-plane deformations is negligible. The plate is seen to 
buckle with a single half wave length in the loading direction as expected for a plate 
with free longitudinal edges under compression. Deformations to the left of the joint in 
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the thinner region of the specimen are higher than those to the right again as would be 
expected. With respect to the AE location data in Figure 4.9 and cumulative AE energy 
in Figure 4.10, at approximately Δ𝑥 = 0.166 mm initially low-energy AE events are 
detected along the horizontal centreline in an area which coincides with the location of 
the embedded defect. This due to matrix cracking at the initial buckling load, as 
illustrated later by SEM micrographs (Figure 4.11). Then, at approximately 
Δ𝑥 = 0.385 mm , a large number of high-energy AE events are detected all along the 
centreline of the specimen where the large out-of-plane displacements and high 
curvature at the ultimate compressive load lead to further matrix cracking, as also seen 
in SEM micrographs (Figure 4.12). Further events located in the area of the splice joint 
correspond to delamination initiation. Activity then begins to spread out along the joint 
at approximately Δ𝑥 = 0.809 mm, indicating delamination in addition to shear damage 
in the matrix resin layers, with possible fibre breakage in 0o fibre plies. Although some 
level of fibre failure is expected during the postbuckling regime, only indirect 
observations have been made via SEM as no clear ‘kink band’ is observed at these 
moderate levels of strain. Instead, fibre failure along 0° plies appear in the form of 
fibres with multiple fractures along their length, e.g. Figure 4.12 (b), which is likely to be 
a combination of fibre damage during the test with further damage during the cutting 
and polishing of SEM samples. 
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Figure 4.9: Contours of out-of-plane displacement,  𝑢33 (left) against location of AE events (right) 
for the splice specimen (with an artificial defect) at different in-plane displacements Δx (dashed 
lines indicate position of splice). 
 
Figure 4.10 shows the cumulative energy of events occurring throughout the test 
period, against applied load. The first significant increase in the logarithmic cumulative 
energy occurs at an in-plane displacement of around Δ𝑥 = 0.166 mm corresponding to 
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the matrix damage which accompanies initial buckling of the panel, indicating that AE 
can be used to predict the onset of buckling. A further large jump is observed when the 
load reaches the ultimate compressive strength at Δ𝑥 = 0.385 mm indicating a high 
level of damage activity (potentially matrix cracking matrix shear damage, as 
suggested by the SEM micrographs) plus the initiation of macroscopic delamination, 
due to high levels of deformation and curvature at this point, as would be expected. 
This is followed by a gradual increase in energy which corresponds to delamination 
initiation and growth along the splice feature during postbuckling. Again, this 
interpretation is backed by the analysis of detailed nonlinear Finite Element models 
described in Section 5.4.1. [158]. 
 
 
Figure 4.10: Load and cumulative AE energy versus in-plane displacement for the splice 
specimen with defect. 
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(a)             (b) 
Figure 4.11: SEM of splice specimens along Section 1 (side of specimen), with magnifications of 
(a) 100× and (b) 1000×. 
 
(a)             (b) 
Figure 4.12: SEM of splice specimens along Section 2 (across splice), with magnifications of (a) 
72× and (b) 1000×. 
4.4.2  Doubler specimen 
The load versus in-plane displacement curves and section stress versus normalised in-
plane displacement curves of doubler specimens with and without artificial defects are 
shown in Figures 4.13 and 4.14. As before, in-plane displacements were extracted 
from DIC data. The ultimate compressive loads for the specimens without defects are 
13.78 kN and 13.69 kN (corresponding to section stresses of 85.27 MPa and 
84.72 MPa) and for those with artificial defects are 14.65 kN and 15.49 kN 
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(corresponding to stresses of 90.66 MPa and 95.85 MPa). Clearly the presence of the 
defect is not having any significant impact on the buckling load of the doubler 
specimens, and this is believed to be for the same reasons as for the splice specimens. 
Using the concept of uniform strains, and utilising the material strengths presented in 
Chapter 5: Section 5.2, a simplified stress analysis shows that fibre damage will not 
occur in the 90o GFRP plies outside the joint at peak load. Neither will matrix cracking 
nor shear damage between GFRP plies occur at this load for the same reason. 
Damage initiation is however predicted in the splice as the stresses in this thinner 
middle region are likely to exceed the ultimate normal and shear strengths for the 
FM94 epoxy resin. 
Figure 4.15 shows the contours of the out-of-plane displacement for initial buckling (in-
plane displacement Δ𝑥 = 0.173 mm), ultimate load (Δ𝑥 = 0.362 mm) and postbuckling 
(Δ𝑥 = 0.824 mm), obtained from DIC data, which are again compared with AE event 
location data (Figure 4.15) and AE cumulative energy (Figure 4.16). The results shown 
correspond to one of the specimens with a defect but the pristine specimens give 
similar results. Out-of-plane displacements can be seen to be greatest along the 
doubler joint, which corresponds to the panel buckling with one half wave length along 
the length of the panel. It is also where a change in panel thickness occurs, with the 
thinner portion being above the joint. Examining the results from the acoustic emission 
monitoring, Figure 4.15, shows initial low-energy AE events detected in the upper 
portion of the panel just above the doubler joint, as well as at the point of highest 
curvature at around Δ𝑥 = 0.16 mm corresponding to the onset of buckling. This is 
mostly due to matrix cracking as illustrated by the SEM micrographs (Figures 4.17 and 
4.18). Then, at approximately Δ𝑥 = 0.36 mm when the peak load is reached, a large 
number of high-energy AE events are seen (Figures 4.15 and 4.16). These again 
correspond to the joint and the thinner Section of the specimen where the out-of-plane 
displacements and curvatures are increasing significantly leading to matrix cracking in 
the resin layers as confirmed again by the SEM micrographs (Figures 4.17 and 4.18). 
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Following this point activity levels continue to increase as loading continues into 
postbuckling (Figure 4.15) particularly at the boundary of the joint with the thinner 
section, with the results of the SEM indicating this damage to be in the form of matrix 
cracking and shear damage as seen in Figures 4.17 and 4.18. 
  
(a)             (b) 
Figure 4.13: Axial force versus in-plane displacement for doubler specimens; (a) pristine and (b) 
with an artificial defect. 
  
(a)             (b) 
Figure 4.14: Section stress versus normalised in-plane displacement for doubler specimens; (a) 
pristine and (b) with an artificial defect. 
 
In terms of AE energy the results in Figure 4.16 show there is a sharp increase in 
cumulative energy between 0.16 mm < Δ𝑥 < 0.23 mm corresponding to widespread 
matrix cracking. A further large jump in energy can be seen at Δ𝑥 = 0.36 mm due to the 
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large out-of-plane displacements and high curvature seen at ultimate load causing 
further matrix cracking. This is followed by a more gradual increase in energy up to the 
end of the tests at approximately Δ𝑥 = 0.85 mm caused by a number of different 
damage mechanisms including matrix cracking and shear damage, as confirmed by 
SEM micrographs at the doubler joint region in Figure 4.18. No delamination initiation 
or propagation from the embedded defect was noticed in the SEM results. Again this 
can be explained by the fact that as the specimen begins to buckle globally, 
deformations act to close any delamination which might be initiated minimising their 
effect. This is supported by the fact that the increase in cumulative energy is more 
gradual for the doubler specimen than for the splice specimen due to the smaller 
number of damage mechanisms which are active. This is in agreement with the Finite 
Element analysis presented in Section 5.4.2. 
As also shown in Figure 4.15, initial low-energy AE events were detected in the upper 
portion of the panel just above the doubler joint, as well as at the point  of highest 
curvature which shows great levels of AE activity at around Δ𝑥 = 0.16 mm which 
corresponds to the onset of buckling. Then at approximately  Δ𝑥 = 0.36 mm a large 
number of high-energy AE events are seen in the same region, corresponding to the 
peak load when out-of-plane displacements and curvatures increase significantly. The 
AE energy results shown in Figure 4.16 show a sharp increase in cumulative energy 
between 0.16 mm < Δ𝑥 < 0.23 mm corresponding to widespread matrix cracking. A 
further large jump in energy can be seen at  Δ𝑥 = 0.36 mm due again to the large out-
of-plane displacements and high curvature seen at ultimate load. This is followed by a 
more gradual increase in energy up to the end of the tests at approximately 
Δ𝑥 = 0.85 mm. The increase in cumulative energy is more gradual for the doubler 
specimen than for the splice specimen. This suggests that the transverse doubler joint 
investigated here does not promote large scale delaminations as observed for the 
longitudinal splice joint. This is supported by the detailed Finite Element analysis 
presented in Section 5.4. 
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Figure 4.15: Contours of out-of-plane displacement, 𝑢33 (left) against location of AE events 
(right) for the doubler specimen (with an artificial defect) at different in-plane displacements Δx 
(dashed lines indicate position of doubler). 
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Figure 4.16: Load and cumulative AE energy versus in-plane displacement for the doubler 
specimen with defect. 
 
 
(a)                 (b) 
Figure 4.17: SEM of doubler specimens along Section 1 (near the top grip), with magnifications 
of (a) 100× and (b) 1000×. 
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(a)             (b) 
Figure 4.18: SEM of doubler specimens along Section 2 (across doubler), with magnifications of 
(a) 80× and (b) 800×. 
4.4.3 ‘Far-field’ specimens 
Figure 4.19 shows the experimental load-displacement curves of far-field specimens 
both with and without the circular delamination. The introduction of a large delamination 
(covering 62.5% of the width) at the point of maximum out-of-plane displacement has a 
significant effect on the buckling and postbuckling behaviour of the far-field specimen. 
DIC results show a good representation of this reduction in ultimate compression load 
from 11.18 kN to 10.75 kN for specimen (2) pristine and with defect, although both 
pristine specimen (1) and with defect specimen (1) show lower ultimate compressive 
load 10.65 kN to 9.28 kN due to specimens slipping and misalignment in the test 
machine. This reduction in properties can be seen to correlate well with the 
propagation of the delamination as detected by the FE model results which were 
described in Section 5.7. 
A comparison between DIC out-of-plane displacement results and deformed tested 
specimens (Figures 4.20 and 4.22) presented that delamination occurs in both far-field 
with defect specimens and pop out as a half circle shape due buckling which occur 
prior to delamination onset and causing closing delamination in the buckled region.  
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(a)             (b) 
Figure 4.19: Axial force versus in-plane displacement for far-field specimens; (a) pristine and (b) 
with an artificial defect (circular delamination). 
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(b)  
Figure 4.20: ‘First round’ far-field specimens with (right) and without (left) an artificial 
delamination at axial displacement Δx = 1.66 mm ; (a) out-of-plane displacement from DIC and 
(b) tested specimens. 
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However, position of the delamination is different either from top artificial delamination 
circle half for specimen(1) or from bottom circle half in the case of specimen(2) which 
might be a result of moving in PTFE film generated to the artificial delamination during 
manufacturing process for tested specimens or misalignments in the test rig. While 
pristine specimens (1) and (2) do not show any delamination. 
 
 
Figure 4.21: AE results for ‘first round’ far-field specimen with an artificial delamination; (top) 
cumulative AE energy / applied load versus time, and (bottom) Delta-T source location. 
 
These results were confirmed via AE results for far-field with defect specimens shown 
in Figures 4.21 and 4.23 for both specimen (1) and (2) respectively. A delamination 
was noticed by a drop in axial force accompanied by a jump in AE cumulative energy at 
1.E+0
1.E+1
1.E+2
1.E+3
1.E+4
1.E+5
1.E+6
1.E+7
0
2
4
6
8
10
12
0 250 500 750 1000 1250 1500 1750 2000 2250 2500
C
u
m
u
la
ti
ve
 A
E
 e
n
e
rg
y 
(J
 ×
1
0
-1
8
)
L
o
a
d
 (
k
N
)
Time (s)
Load
Cumulative energy
t = 570 s t = 1082 s t = 1150 s t = 2300 s
Δx = 0.24 mm             Δx = 0.80 mm                 Δx = 0.95 mm              Δx = 2.02 mm 
Chapter 4– Buckling/Postbuckling of FMLs with Internal Features: Experiments 
98 
time 1150 s and 700 s for both specimen(1) and (2) respectively. This was happen 
after a high jump in AE activity at ultimate compressive load (9.42 kN and 10.75 kN) for 
both specimen (1) and (2) which is mostly as a result of buckling failure events. This 
was followed by a steady increase in energy at postbuckling region up to the final 
failure. This exhibited how AE techniques can be used to detect and localised damage 
effectively and efficiently in FML structures. 
Pristine       Artificial delamination 
(a)  
(b)  
Figure 4.22: ‘ econd round’ far-field specimens with (right) and without (left) an artificial 
delamination at axial displacement Δx = 2.02 mm; (a) out-of-plane displacement from DIC and 
(b) tested specimens. 
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Figure 4.23: AE results for ‘second round’ far-field specimen with an artificial delamination; (top) 
cumulative AE energy / applied load versus time, and (bottom) Delta-T source location. 
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Figure 4.24: AE results for ‘first round’ far-field specimen without an artificial delamination; (top) 
cumulative AE energy / applied load versus time, and (bottom) Delta-T source location. 
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clearly located around the periphery of this delamination where damage propagation is 
occurring. 
4.5 Chapter Summary  
This chapter including a series of experiments was performed to examine the effect of 
splice and doubler joints in addition to the effect of circular delamination artificial defect, 
on the buckling and postbuckling behaviour of Glare® fibre-metal laminate specimens. 
Panels were tested under in-plane compression with and without the introduction of 
artificial defects. Tests were recorded using Digital Image Correlation (DIC) and 
Acoustic Emission (AE) monitoring systems. Also Scan Electron Microscopy (SEM) 
technique was used in order to validate experimental results from both DIC and AE 
monitoring for different damage mechanisms in both splice and doubler specimens. A 
bespoke Delta-T algorithm was implemented for accurate detection and localisation of 
damage from the recorded AE signals. Good correlation was observed between in-
plane loads, out-of-plane displacements and AE event location which suggest that the 
postbuckling behaviour of both joints involves different damage mechanisms. The 
longitudinal splice joint did not promote early matrix cracking and the buckling point 
was characterised by a greater amount of delamination, as seen by a large jump in 
cumulative AE energy and the sudden increase in out-of-plane displacements. The 
transverse doubler joint on the other hand showed much more gradual damage 
behaviour during postbuckling, dominated by widespread matrix cracks. The ‘Delta-T’ 
AE location algorithm was successfully used to monitor damage development in the 
Glare® laminates. The location and sequence of AE events suggest that the method is 
particularly sensitive to early activity within the internal features which act as stress 
concentrations. Artificial delaminations representative of those which could potentially 
be generated during manufacturing (inserted in splice and doubler joints) had a 
negligible effect on the compressive strength of both types of joints, while the 
introduction of a large delamination (covering 62.5% of the width) at the point of 
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maximum out-of-plane displacement (inserted in the far-field specimens) has a 
significant effect on the buckling and postbuckling behaviour of the specimen ;yet the 
Delta-T algorithm was able to detect the presence of such defects at relatively low 
loads, suggesting that the method is a strong candidate for the in-service Structural 
Health Monitoring of Glare® structures. Finally, SEM technique enabled 
characterisation the different types of damage mechanisms in both splice and doubler 
specimens and has a good agreement with AE results. 
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Chapter 5  - Buckling/Postbuckling of FMLs with 
Internal Features: Modelling 
5.1 Introduction 
This chapter focuses on the development of a 3D finite element model using cohesive 
elements and continuum (bulk) material damage models to examine the progressive 
damage and failure behaviour of Glare® Fibre Metal Laminate (FML) specimens 
subjected to in-plane compressive loading. The specimens contained internal ‘splice’ 
and ‘doubler’ features in addition to others with an artificial circular delamination defect 
and were either pristine or contained simulated manufacturing defects in the form of 
artificial delaminations. The initiation and growth of delaminations at the inter-laminar 
interfaces, damage in the glass fibre reinforced polymer (GFRP) plies, ductile damage 
in the resin pockets (FM94 epoxy) and the onset of plasticity in the metal layers were 
examined. Geometric imperfections and load eccentricity were incorporated in an 
explicit dynamic nonlinear analysis implemented in the software Abaqus/Explicit. A 
series of buckling tests on specimens with and without artificial delaminations were 
conducted for validation, which are described in detail in Chapter 4. Tests were 
monitored using Digital Image Correlation (DIC) for visualisation of full-field 
displacements and strains whilst Acoustic Emission (AE) monitoring enabled detection 
and localisation of the onset and progression of damage. Results for ‘Glare®4B’ 
specimens incorporating longitudinal and transverse delaminations into both splice and 
doubler geometries respectively in addition to those with central circular delamination 
introduced in the far-field specimens structure are presented. These results revealed 
that in order for the finite element analyses to be accurate, all the damage and 
plasticity mechanisms described above need to be accounted for, as well as load 
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eccentricity and geometry imperfections. Finally the models’ predictions are verified 
based on the results of experimental work including Scanning Electron Microscopy 
(SEM) micrographs which enable the damage found in different areas of the specimen 
to be characterised for comparison with that predicted by the model. 
5.2  Finite element models 
5.2.1 Specimen geometry 
Three types of specimens were modelled, one incorporating a longitudinal splice and 
the other a transverse doubler in addition to a ‘far-field’ specimen with an artificial 
circular delamination (Section 4.2.1). Specimens measured 100 mm × 80 mm 
corresponding to the unsupported section of the 140 mm × 80 mm specimens tested 
for validation. Each had a lay-up type ‘Glare® 4B’ according to standard grades of 
commercial Glare® shown in [1] and a detailed description of this layup is provided in 
Section 4.2.1. Artificial delaminations were simulated by introducing 4 mm wide strips 
of polytetrafluoroethylene (PTFE) film of thickness 10 µm embedded in the splice and 
doubler structures. As for the far-field specimen model, the artificial circular 
delamination was simulated using a 50 mm diameter PTFE film of a thickness 10 µm 
inserting into the interface between the front aluminium layer and the first GFRP layer. 
5.2.2 Finite element meshes 
Three-dimensional, ply-by-ply finite element models were generated for all specimen 
types using the Abaqus/CAE software. The geometry and thickness of each layer were 
extracted from detailed scans of real specimens and a high fidelity structural mesh was 
generated to represent the internal geometry. The resulting meshes are shown in 
Figures 5.1, 5.2 and 5.3 for doubler, splice and far-field specimens, respectively. The 
layers of aluminium and the resin pockets were meshed using linear continuum 
(C3D8R) elements with the interfaces between layers modelled using 0.01 mm thick  
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Figure 5.1: Finite element mesh of the doubler specimen (top) based on optical scans of real 
specimens (bottom) (images resized for clarity, not to scale). 
 
Figure 5.2: Finite element mesh of the splice specimen (top) based on optical scans of real 
specimens (bottom) (images resized for clarity, not to scale). 
 
cohesive (COH3D8) elements and had a mesh size of unity (the thickness was chosen 
based on a review of the literature related to similar models for fibre laminates, the 
mesh size was determined through a mesh sensitivity analysis which is explained in 
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detail in Appendix-A). Three-dimensional ‘continuum shell’ elements ( C8R), each 
made of 8 nodes with 3 degrees of freedom (DoF) per node, were used for the 
composite plies to enable composite damage to be modelled in Abaqus. Individual 
layers of each of the laminates were meshed separately and then assembled using tie 
constraints between adjacent layers coupling all nodal degrees of freedom at the 
interface. 
 
Figure 5.3: Finite element mesh of the far-field specimen (top) based on optical scans of real 
specimens (bottom) (images resized for clarity, not to scale). 
 
5.2.3 Material properties 
A comprehensive literature review was conducted on the mechanical properties of the 
Glare® material constituents. Properties for the aluminium alloy 2024-T3 were obtained 
from [4] and are summarised in Table  5.1. The plastic stress-strain curve from the 
same alloy was taken from [159] and is shown in Table  5.2. The mechanical properties 
for the S2-glass/FM94 GFRP material were given in [120] and are shown in Table  5.3. 
Glare 4B- 3/2
PTFE film
Cohesive layersAluminium layers 
GFRP plies
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Every interface in the laminate was represented by a Cohesive Zone Model (CZM) with 
bilinear traction-separation curves defined independently for modes I and II (further 
details in Section 5.2.7). The cohesive properties for GFRP-metal interfaces were 
obtained from [160] and are shown in Table  5.4. The cohesive stiffnesses KI and KII 
were however calculated based on the elastic properties of bulk FM94 resin, shown in 
Table  5.5, and the assumption that the interfacial stiffness is dominated by the 
deformation of a 10  µm thick resin rich layer, as described in [59] (it should be noted 
that these stiffnesses have only minor influence on the fracture initiation and 
propagation behaviour of the CZM, which instead is more strongly dependent on the 
initiation stresses, 𝜎I
max and 𝜎II
max, and critical strain energy release rates, 𝐺IC and 𝐺IIC). 
The fracture process resulting from the delamination of GFRP-metal interfaces is 
micro-mechanically different from the fracture process observed between the same 
metal and the same resin in the absence of fibres, since the presence of fibres 
precludes the development of a local plastic zone within the toughened epoxy material 
[161]. As a result, much higher fracture energies are expected within the resin pockets 
formed around the splice and doubler features contained in the laminates investigated 
here. Indeed, Katnam et al. [162] obtained the cohesive properties shown in Table  5.6 
for fracture in a similar material system, but along a 100 µm thick unreinforced resin 
layer. The properties in Table 5.6 were therefore assumed for the interfaces formed 
around resin pockets in the splice and doubler features investigated here. 
Finally, artificial delaminations were introduced via a reduction in cohesive properties 
along the interfaces to be covered by the PTFE strip. A range of different properties 
were taken from the literature all of which resulted in similar behaviour of the specimen 
due to the compressive stiffness of the PTFE film being relatively small compared to 
the cohesive stiffness used and the limited size of the embedded defect. The properties 
chosen are detailed in Table 5.7. 
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5.2.4 Loading and boundary conditions  
Boundary conditions were applied at the top and bottom edges of the specimen 
corresponding to the effect of the clamps in the validation experiments. The bottom 
edge was restrained in all three DoFs to represent the fixed end condition, while the top 
edge was free to move in-plane but restricted in both other DoFs. Both sides of the 
specimens were left unconstrained as in the validation experiments. An initial  
Table  5.1: Mechanical properties for aluminium alloy 2024-T3 [1]. 
Property Value Units 
Young’s modulus 72.4 GPa 
Stress at 4.7% strain 420 MPa 
Tensile yield strength, rolling direction 300 MPa 
Tensile yield strength, transverse direction 299 MPa 
Shear modulus 27.6 GPa 
Poisson’s ratio 0.33 - 
Coefficient of thermal expansion 22×10
-6
 
o
C 
-1
 
Mass density 2780 kg·m
-3
 
 
 
Table  5.2: Plastic stress-strain data for aluminium alloy 2024-T3, transverse direction [159]. 
Plastic strain [%] Stress [MPa] 
0.000 300 
0.016 320 
0.047 340 
0.119 355 
0.449 375 
1.036 390 
2.130 410 
3.439 430 
5.113 450 
8.000 470 
14.710 484 
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Abaqus/Explicit thermal step was implemented to generate the residual stresses 
created during the curing process (based on a curing temperature of 120 oC followed 
by  cooling to a room temperature of 20 oC giving a reference temperature for thermal 
analysis of -100 oC), using the thermal expansion coefficients shown in Tables 5.1, 5.3 
and 5.5. Following this, a compressive load under velocity control was applied to the 
top edge of the specimen. 
 
 
Table  5.3: Mechanical properties for S2-glass/FM94 prepreg material [120]. 
 
*Strain Energy Release Rate. 
 
Table  5.4: Cohesive zone properties for GFRP-metal interfaces. 
 𝐺IC 
(kJ·m
-2
) 
[160] 
 𝐺IIC 
(kJ·m
-2
) 
[160] 
𝜎I
max 
(MPa) 
[160] 
𝜎II
max 
(MPa) 
[160] 
 𝐾I 
(N·mm
-3
) 
 
 𝐾II 
(N·mm
-3
) 
 
0.45 1.0 40 40 2.189×10
5
 0.823×10
5
 
 
Property Value Units 
Young’s modulus, fibre direction, 𝐸11  50.0 GPa 
Young’s modulus, transverse direction, 𝐸22 9.0 GPa 
Poisson’s ratio,  𝜈12 0.33 - 
Poisson’s ratio,  𝜈23 0.04 - 
In-plane shear modulus,  𝐺12 3.5 GPa 
Transverse shear modulus,  𝐺23 3.0 GPa 
Fibre-direction tensile strength,  𝑋𝑇 2000 MPa 
Fibre-direction compressive strength,  𝑋𝐶 550 MPa 
Transverse tensile strength,  𝑌𝑇 43 MPa 
Transverse compressive strength,  𝑌𝐶 90 MPa 
In-plane shear strength,  𝑆12 93 MPa 
Transverse shear strength,  𝑆23 50 MPa 
Critical SERR*, fibre direction,  𝐺𝐶,𝑋 12.0 kJ·m
-2
 
Critical SERR*, transverse direction,  𝐺𝐶,𝑌 1.0 kJ·m
-2
 
Mass density, 𝜌 [163] 2000 kg·m
-3
 
Coefficient  of thermal expansion, fibre direction [4] 6.1 x 10
-6
 ºC
-1 
Coefficient  of thermal expansion, transverse direction [4] 26.2 x 10
-6
 ºC
-1
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Table  5.5: Mechanical properties for the FM94 resin [164]. 
Property Value Units 
Young’s modulus 2.19 GPa 
Poisson’s ratio 0.33 - 
Mass density [164, 165] 1280 kg·m
-3
 
Coefficient of thermal expansion [165] 100x10
-6
 ºC
-1 
 
Table  5.6: Cohesive zone properties for bulk resin-metal interfaces. 
 𝐺𝐼𝐶 
(kJ·m
-2
) 
[162] 
 𝐺𝐼𝐼𝐶 
(kJ·m
-2
) 
[162] 
𝜎𝐼
𝑚𝑎𝑥 
(MPa) 
[166] 
𝜎𝐼𝐼
𝑚𝑎𝑥 
(MPa) 
[166] 
 𝐾𝐼 
(N·mm
-3
) 
 
 𝐾𝐼𝐼 
(N·mm
-3
) 
 
2.0 4.0 50 50 2.189 x 10
5
 0.823 x 10
5
 
 
Table  5.7: Mechanical properties for the PTFE film [167, 168]. 
Property Value Units 
Young’s modulus 480 MPa 
Poisson’s ratio 0.46  
Mass density 2150 kg·m
-3
 
Coefficient of thermal expansion 10 x 10
-5
 ºC
-1 
5.2.5 Geometric imperfections 
In order to represent the ‘as-built’ structures tested in the validation experiments 
geometric imperfections were introduced. In line with common practice, since their 
exact form was not known they were modelled in the form of the first mode shape 
(obtained by performing an eigenmode analysis in Abaqus/Standard, Figure 5.4) with 
an amplitude scaled to give a maximum 1.0 mm out of plane deformation 
corresponding to the deviations measured in the specimens tested (due to the 
manufacturing process and variations in thickness across the specimen). This is 
expected to provide conservative results. 
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Figure 5.4: Geometrical imperfections based on the first eigenmode for (a) splice and (b) 
doubler specimens and (c) far-field specimens (normalised displacements magnified for clarity, 
not to scale). 
5.2.6 Load eccentricity 
In addition to geometric imperfections, load eccentricity caused by misalignments in 
clamping the specimen leading to an asymmetrical load distribution was also 
considered in the analysis. The value of eccentricity was based on measurements of 
the experimental set-up which indicated an average eccentricity of 0.7 mm based on 
readings from a digital inclinometer. This was achieved by implementing two load steps 
following the thermal loading step discussed in Section 5.2.4. As shown in Figure 5.5 
the first step represented the load eccentricity which was introduced in the form of an 
asymmetric linearly distributed in-plane displacement component superimposed on the 
cross-head displacement and the second step represented the uniform compression 
load applied up to the final failure.  
 
Figure 5.5: Load eccentricity introduced after the thermal step and before the main loading step. 
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5.2.7  Cohesive Zone Model 
As mentioned earlier, one of the complexities of modelling the behaviour of fibre metal 
laminates is the increased number of damage mechanisms compared to modelling 
metallic or composite laminates. In order to accurately model the initiation and 
propagation of damage in the specimens a range of damage and fracture criteria were 
therefore introduced. The mixed-mode bilinear cohesive zone model (CZM) shown in 
Figure 5.6 was used to model delamination initiation and growth in the metal-fibre and 
fibre-resin interfaces. This model uses a quadratic nominal stress criterion to identify 
the onset of damage, 
(
〈σI〉
σImax
 )2 + (
σII
σIImax
 )2 = 1 ,                                                                                        (5.1) 
where 〈∙〉 = max (∙ ,0). Propagation is then based on the strain energy release rates 𝐺I 
and 𝐺II for modes I and II respectively, 
(
𝐺𝐼
𝐺𝐼𝑐
 )𝑛 + (
𝐺𝐼𝐼
𝐺𝐼𝐼𝑐
 )𝑛 = 1  .                                                                                                (5.2) 
where 𝑛 is a material-specific power law coefficient. In the absence of reliable mixed-
mode fracture data for the various interface types in Glare®, it has been assumed here  
 
(a)               (b) 
Figure 5.6: Cohesive Zone Model (CZM) based on bilinear traction-separation curves (a) which 
are defined independently for modes I and II (b). 
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that 𝑛 = 1 so that equation 5.2 turns into a linear interaction criterion instead [59]. The 
other interfacial material properties required to completely define the CZMs used in this 
work are provided in Tables 5.4 and 5.6. 
 
5.2.8 Continuum damage and plasticity 
Plastic deformation of the aluminium sheets was considered by introducing the stress-
strain properties provided in Table 5.2. The resin pockets were assumed to strain-
harden according to the Drucker-Prager yield criterion [169]. A ductile damage criterion 
was used to model damage in both the aluminium layers and the resin pockets [169]. 
This criterion assumes that the equivalent plastic strain at the onset of damage is a 
function of stress triaxiality and strain rate. 
The mechanical properties used for both materials are shown in Table s 5.1 and 5.5, 
respectively. The Hashin damage criterion [170] was used to model damage in the 
GFRP plies. The model available in the Abaqus software (only applicable to continuum 
shell elements) is a 2D version of the original Hashin criteria with four damage 
variables, i.e. compressive and tensile failure along the fibre direction and the in-plane 
transverse direction (for simplicity the former are referred to as ‘fibre failure’ and the 
latter ‘matrix failure’). The damage initiation criterion for fibre tension is, 
(
σ11
XT
)
2
+ (
σ12 
S12
)
2
= 1                   (5.3) 
and for fibre compression, 
(
σ11
XC
)
2
= 1                     (5.4) 
where 𝑋T and 𝑋C are the fibre-direction tensile and compressive strengths, 
respectively, and S12 is the in-plane shear strength. The initiation criterion for matrix 
tensile damage is, 
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(
𝜎22
𝑌T
)
2
+ (
𝜎12
𝑆12
)
2
= 1 ,                  (5.5) 
and for matrix compressive damage, 
(
𝜎22 
2 𝑆12
)
2
+ [(
𝑌𝐶
2 𝑆12
)
2
− 1]  
𝜎22
𝑌𝐶
+ (
𝜎12 
 𝑆12
)
2
= 1 ,           (5.6) 
where 𝑌T and 𝑌𝐶 are the transverse direction tensile and compressive strengths, 
respectively. 
Once an initiation criterion is satisfied, the evolution of damage variables for each 
damage mode follows a bilinear stress-displacement curve similar to that of a cohesive 
formulation (Figure 5.6a). Integration point strains are converted into displacements via 
a ‘characteristic length’ which is based on element dimensions [169]. Three damage 
variables are tracked, ‘fibre damage’ 𝑑f, ‘matrix damage’ 𝑑m and in-plane ‘shear 
damage’ 𝑑𝑠. The 2D stiffness matrix for that integration point then becomes, 
𝐶d = 
1
𝐷
 [
(1 − 𝑑𝑓)𝐸1 (1 − 𝑑𝑓)(1 − 𝑑𝑚)𝜈21𝐸1 0
(1 − 𝑑𝑓)(1 − 𝑑𝑚)𝜈12𝐸2 (1 − 𝑑𝑚)𝐸2 0
0 0 (1 − 𝑑𝑠)𝐺𝐷
] (5.7) 
where 𝐷 = 1 − (1 − 𝑑𝑓)(1 − 𝑑𝑚)𝜈12𝜈21, and the material response at the integration 
point is given by, 
𝜎 = 𝐶d ε                      (5.8) 
It should be noted that the damage variables are decomposed into tensile and 
compressive damage, i.e. 𝑑𝑓𝑡 and 𝑑𝑓𝑐 for ‘fibre damage’ and 𝑑𝑚𝑡 and 𝑑𝑚𝑐 for ‘matrix 
damage’, respectively. 
5.2.9 Eigenvalue analyses 
Linear eigenvalue analyses were conducted on all types of specimens to provide 
estimates of the buckling loads and to obtain the eigenmode shapes needed for 
modelling geometric imperfections. Abaqus/Standard (version 6.12) was used for all of 
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the eigenvalue analyses [169]. An eigenvalue buckling problem finds the loads for 
which the model stiffness matrix becomes singular.  
The Lanczos solver is generally faster when a large number of eigenmodes are 
required for a system with many degrees of freedom, and was therefore used 
throughout. The output eigenmodes are normalised so that the maximum displacement 
component is one unit. As mentioned previously, scaled versions of these mode 
shapes, representative of the size of the amplitude of imperfections measured in the 
test specimens were used to model imperfections in the dynamic analyses, since they 
provide a conservative approach when the exact form of the geometrical imperfections 
is unknown [169]. 
5.2.10 Explicit dynamic analysis 
As discussed, in order to predict the buckling behaviour of real structures it is important 
to take into account the various sources of nonlinearity, including geometric 
imperfections, plasticity and damage growth. In order to achieve this, the buckling 
experiments were analysed using the explicit dynamic solver Abaqus/Explicit (version 
6.12) [171]. Whilst this software is ideally suited for analysing high-speed dynamic 
events, it has many advantages for the analysis of slower (quasi-static) processes 
which are beneficial here. The use of a large number of small time increments in 
Abaqus/Explicit is advantageous because each increment is relatively quick to compute 
(compared to the direct integration dynamic analysis procedure available in 
Abaqus/Standard) as it does not require convergence iterations. It also simplifies 
greatly the treatment of contact. The procedure uses diagonal (‘lumped’) element mass 
matrices whose inverses are simple to compute, significantly increasing computational 
efficiency. In addition, the vector multiplication of the inverse mass matrix by the inertial 
force requires only 𝑛 operations, where 𝑛 is the number of degrees of freedom in the 
model. The equations of motion for each node in the domain are integrated using the 
explicit central-difference integration rule. The explicit procedure requires no global 
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matrix operations and no tangent stiffness matrix calculation [171]. 
5.3 Results and discussion 
A thorough sensitivity study was conducted on the effects of the various sources of 
nonlinearity described in Section 5.2 on the behaviour of splice, doubler and far-field 
specimens (see Appendix-A) in addition to consultation with the literature as described 
in chapter 2. The best agreement with experimental results was obtained when all the 
sources of nonlinearity were included, which suggests that the complex buckling and 
postbuckling behaviour of such features is defined by interactions between the various 
mechanisms. Therefore the results presented here are for models containing the full 
set of damage and delamination criteria discussed in Section 5.2. 
5.3.1 Splice specimens 
Figures 5.7 and 5.8 show the displacement behaviour (out-of-plane and in-plane 
respectively) for splice specimens obtained from the FE models alongside the 
experimental DIC system data for comparison (specimen 1 of the specimens with 
defects in Figure 5.8 suffered from slippage in the rig and has therefore not been 
considered). Considering first the out-of-plane displacement, the contour plots 
presented in Figure 5.7 illustrate the deformation at initial buckling, peak load and 
postbuckling, with corresponding in-plane displacements∆𝑥. Whilst the results 
presented are for specimens incorporating a defect, the pristine specimens presented 
very similar behaviour indicating that the effect of the damage introduced on the mode 
shape and the amplitude of out-of-plane deformations is negligible. The plate is seen to 
buckle with a single half wave length in the loading direction as expected for a plate 
with built-in ends and free longitudinal edges under compression. Deformations to the 
left of the joint in the thinner region of the specimen are higher than those to the right in 
the thicker region again as would be expected. Good qualitative agreement is observed 
between experimental and FE results in terms of the mode shape although the FE  
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Figure 5.7: Out-of-plane displacements for the splice specimen with an artificial defect; FE 
predictions and DIC data at different in-plane displacements Δ𝑥 (dashed line indicates position 
of splice). 
 
model underestimates the displacement slightly. 
In terms of axial load versus in-plane displacement it can be seen in Figure 5.8 that in 
terms of both the pre- and postbuckling stiffness there is a strong correlation between 
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the analytical and experimental results with only a slight overestimate of stiffness in the 
FE results. In terms of ultimate compressive loads, the FE model predicted 14.73 kN 
for both pristine and defective specimens, which overestimates the experimental values 
of 13.66 kN and 13.50 kN for pristine specimens and 13.86 kN for those containing a 
defect. This is potentially caused by the use of continuum shell elements which have a 
simplified treatment of through thickness stresses [173] when modelling the GFRP 
plies. The effect of the inserted delamination on both pre and postbuckling stiffness and 
ultimate strength appears to be negligible, possibly due to the relatively small size of 
the delamination. 
 
  
(a)             (b) 
Figure 5.8: Axial force versus in-plane displacement for splice specimens; (a) pristine and (b) 
with an artificial defect. 
 
The evolution of interface damage is shown in Figure 5.9 for the critical interface of the 
splice specimen with the defect with an interface damage value of one representing full 
delamination and a value of zero indicating no delamination. The results indicate the 
initiation of interface damage in the area of the splice at initial buckling (Δ𝑥 = 
0.184 mm) with the delamination propagating throughout buckling and full separation of 
the splice in the postbuckling region at Δ𝑥 = 1.0 mm. Comparison with the AE data in 
Figure 5.10 showing the location of cumulative AE events in the specimen supports this 
prediction with activity seen to initiate in the centre of the splice and propagate along its 
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length as buckling proceeds. Further validation is provided by the SEM micrographs of 
the splice region (Figure 4.12) which clearly indicate the presence of delamination in 
this area. The pristine specimens tested presented very similar behaviour indicating 
that the effect of the initial delamination on the interfacial damage is negligible. 
 
Figure 5.9: Numerical results for evolution of interface damage along the critical interface in the 
splice specimen with a defect (dashed line indicates position of splice). 
 
 
Figure 5.10: Acoustic Emission event locations in the splice specimen at different cross-head 
displacements Δx (dashed line indicates position of splice); after [172]. 
 
In terms of plasticity in the aluminium layers, Figure 5.11 shows the predicted plastic 
strain contours at a cross head displacement Δ𝑥 = 1 mm which suggest considerable 
amounts of energy are being dissipated via plastic deformation of the metallic sheets. 
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Again the result shown is for the specimen with the defect, however the pristine 
specimens produce very similar behaviour indicating that the effect of this defect on the 
plasticity of the specimen is negligible. This result is confirmed by both SEM and visual 
inspection which show large residual curvatures in aluminium layers, in particular near 
the discontinuity at the joint. This is in direct correlation with the results of the FE model 
(Figure 5.11) which predicts higher levels of plastic strain in the joints than in the 
remainder of the specimen (including the areas of high curvature in the thinner part of 
the specimen). 
The evolution of damage in the composite plies is shown in Figure 5.12 again for the 
specimen with a defect, with the pristine specimens presenting similar behaviour. As 
with the interface damage a value of one represents full composite ply damage while a 
damage value of zero represents no composite damage. The Hashin damage criterion 
for fibre compression (top of Figure 5.12) indicates that up to and during critical 
buckling there is no damage, with fibre breakage beginning during postbuckling. This 
damage is concentrated in the centre of the specimen near the splice joint where the 
combination of high curvature following buckling and the stress concentration coming 
from the discontinuity in the aluminium layers creates a weak region. Similar behaviour 
is noticed for matrix compression (middle of Figure 5.12) which indicates FE predicted 
matrix compression between the fibre layers during postbuckling. Finally, results for 
matrix shear (bottom of Figure 5.12) indicate that this occurs during postbuckling. 
Again peaks can be seen at centre of the specimens particularly in the splice joint for 
the reasons described above. The AE data presented in Figure 5.10 can again be seen 
to correlate well with the FE predicted damage with a large number of events detected 
in the centre of the specimen in the area of highest curvature during both buckling and 
postbuckling, indicating a high level of damage initiation and propagation in this area as 
predicted by the application of the Hashin criteria. 
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Figure 5.11: Contours of equivalent plastic strain in the FE model of the splice specimen (with 
an artificial defect) at Δx = 1 mm. 
 
Figure 5.12: Hashin damage indices for GFRP layers in the splice specimen at three different 
stages of the buckling curve (dashed line indicates position of splice). 
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Figure 5.13: Hashin damage initiation variables for splice specimen. 
SEM micrographs taken in this region of the panel outside the splice joint (Figure 4.11) 
indicate the presence of matrix cracking in this area, caused by the initiation 
(Figure 5.13) and evolution (Figure 5.12) of damage predicted by the Hashin criteria 
(with indices of less than one indicating partial damage as discussed in [174]). 
In the joint itself, a range of different damage mechanisms can be seen from the SEM 
micrographs (Figure 4.12), including matrix cracking and shear damage in the matrix 
resin layers and some indirect evidence of fibre damage in the 0° GFRP layers, in the 
form of fractured fibres along the polished surface (it should be noted that this fracture 
combines any damage introduced during the test, with further damage introduced when 
cutting and polishing the specimens). This correlates well with the predictions of the 
Hashin damage criterion in terms of both initiation and evolution. 
5.3.2 Doubler specimen 
For the doubler specimens, Figures 5.14 and 5.15 show the out-of-plane and in-plane 
displacement behaviour obtained from the FE model compared with that from the 
experimental DIC system data. The out-of-plane displacement is shown at initial 
buckling, peak load and postbuckling, corresponding to in-plane displacements Δ𝑥 
shown separately for model and experiment. The results presented are for specimens  
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Figure 5.14: Out-of plane displacements for the doubler specimen with an artificial defect; FE 
predictions and DIC data at different in-plane displacements Δx (dashed line indicates position 
of doubler). 
incorporating a defect, but the pristine specimens presented very similar behaviour 
indicating that the effect of the introduced initial delamination on the buckling and 
postbuckling behaviour is also negligible for the doubler specimen. The plate is again 
seen to buckle with a single half wave length in the loading direction as expected. 
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higher than those nearer to the bottom, again as would be expected. Good qualitative 
agreement is observed between experimental and FE results in terms of the mode 
shape although the FE model underestimates the displacement slightly.  
Axial load versus in-plane displacement for the FE model is compared with that 
measured during the experimental work in Figure 5.15. It can be seen that for both the 
pristine doubler specimens and those incorporating defects, there is strong correlation 
between the experimental pre-buckling stiffnesses and the FE results, while  the 
postbuckling stiffnesses are overestimated by the model . In terms of ultimate 
compressive load the FE model predicts a value of 14.89 kN for both pristine and 
defective specimens whilst experimental values are 13.69 kN and 13.78 kN for pristine 
specimens and 14.65 kN and 15.49 kN for defected specimens. As mentioned earlier 
this is believed to be due to the use of shell elements which neglect the through 
thickness stresses to model the composite layers [173], resulting in an overestimation 
of their stiffness which is particularly significant in areas of high curvature such as the 
thinner part of the doubler specimens during postbuckling, while showing very good 
correlation in elastic and initial buckling regions. In terms of interface damage the 
model indicates no delamination growth either remote from or within the doubler joint. 
This is confirmed by the SEM micrographs in Figures 4.17 and 4.18. 
 
  
(a)               (b) 
Figure 5.15: Axial force versus in-plane displacement for doubler specimens; (a) pristine and (b) 
with an artificial defect. 
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Figure 5.16 shows the FE contours of plastic strain for the doubler specimen with a 
defect at a cross head displacement Δ𝑥 = 1 mm. This result is again confirmed by SEM 
micrographs and visual inspection which show considerable residual curvatures in the 
aluminium layers, in particular at the ends of the discontinuous layers in the doubler 
joint. As for the splice model, a considerable amount of energy appears to be 
dissipated via plastic deformation of the metallic sheets. 
 
Figure 5.16: Contours of equivalent plastic strain in the FE model of the doubler specimen (with 
an artificial defect) at Δx = 1 mm. 
The evolution of damage in composite plies is shown in Figure 5.17 for the doubler 
specimen with defect with the pristine specimens presenting similar results. The Hashin 
damage criterion for fibre direction compression (top of Figure 5.17) indicates that this 
damage mode initiates during buckling and continues to increase throughout 
postbuckling with the damage concentrated in the centre of the specimen particularly in 
the doubler joint as where the highest out-of-plane displacement occurs due to buckling 
and the discontinuous aluminium layers result in a region of high stress concentration. 
FE results for transverse direction compression (middle of Figure 5.17) suggest that 
this damage mode initiates between the fibre layers at the left hand side of doubler joint 
in the critical buckling region and increase during postbuckling to both sides of the 
doubler joint. Finally, the FE results for matrix shear (bottom of Figure 5.17) show that 
this damage mode occurs between the fibre layers at critical buckling and grows during 
postbuckling in the region of the doubler joint. 
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The location of the damage predicted using the Hashin criterion is again supported by 
the AE data shown in Figure 5.19. It shows a high level of activity in the thinner, upper 
part of the specimen particularly during postbuckling and up to final failure indicating 
this is where the majority of damage occurs, thus confirming the capability of the 
Hashin damage criterion to predict damage in Glare® in the buckling and postbuckling 
regimes. 
 
Figure 5.17: Hashin damage indices for GFRP layers in the doubler specimen at three different 
stages of the buckling curve (dashed line indicates position of doubler). 
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Figure 5.18: Hashin damage initiation variables for doubler specimen. 
 
Figure 5.19: Acoustic Emission event locations in the doubler specimen at different cross-head 
displacements Δx (dashed line indicates position of doubler); after [172]. 
SEM micrographs from this region (Figure 4.18) indicate that the damage is mostly in 
the form of matrix cracking as was predicted by the FE model in which the Hashin 
damage initiation variable for matrix tension (Figure 5.18) reaches one in this area with 
lower levels of damage evolution corresponding to in plane shear (Figure 5.17). It 
should be noted however that the FE model did not predict widespread damage within 
the thin section as suggested by the AE data, but instead it highlighted damage 
initiation and evolution within the doubler joint and near the upper grip, where local 
curvatures were high. Possible reasons include local variations in material properties, 
further geometric imperfections, and the possibility of AE event location being affected 
by reflections. Future work is required to clarify this issue. 
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5.3.3 Far-field specimens 
For far-field specimens with defect, Figure 5.20 shows the progressive increase in AE 
events located around the periphery of the delamination as it grows, in particular 
around the area where we see the most out-of-plane displacement (Figures 4.20 and 
4.22). Excellent correlation with the FE model was observed, which predicts 
delamination growth as well as matrix cracking along the horizontal centreline where 
the highest curvature is seen. The evolution of interface damage is for the critical 
interface of the far-field specimen with the defect with an interface damage value of 1 
representing full delamination and a value of zero indicating no delamination. The 
results indicate the initiation of interface damage in the area of the high curvature at 
initial buckling (𝑡 = 570 s) and peak load (𝑡 = 1082 s) with the matrix cracking 
throughout buckling and delamination onset and growth around the area where we see 
the outer aluminium layer come out (Figure 4.20) in the post-buckling region at 
(𝑡 = 1150 s). While we cannot see delamination very clearly for the second half of the 
circular delamination region due to buckling which causes delamination closure as a 
result of opposite direction out-of-plane deflection. Analyses continue with more matrix 
cracking in the high curvature region and delamination propagation around the top half 
circular delamination up to the final failure and these results were confirmed via AE 
activities in the same regions. 
Comparison with the AE data for the pristine far-field specimens shown in 
Section 4.4.3, the location of cumulative AE events in the specimen show similar 
behaviour with AE activity seen to initiate in the centre of the far-field with defect 
specimen and propagate along its length as buckling proceeds which are mostly due to 
matrix cracking. The FE analyses for the pristine specimens support these results and 
presented no delamination occur in the critical interface layers and is therefore not 
presented here. 
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(a)       (b)        (c)       (d) 
Figure 5.20: AE Results & FE model comparison for far-field with defect specimen at (a) initial 
buckling (t = 570 s), (b) peak load (t = 1082 s), (c) postbuckling (t = 1150 s) and (d) 
postbuckling (t = 2300 s). 
Figure 5.21 shows the load-displacement behaviour predicted by the model which is 
also in a good agreement with experimental results for both pristine and with defect 
specimen 2 (the first specimens of both types of far-field specimens to be tested 
(pristine and with defect) suffered from slippage in the rig and have therefore not been 
considered for comparison with the FE analyses). A comparison between FE analyses 
for pristine and with artificial circular delamination models (Figure 5.21-c) shows a 
reduction in postbuckling stiffness (28.2 %) for the defected specimen model which 
showing the suitability of the model in assessing the effects of this type of delamination 
damage. 
t=570 sec t=1082 sec t=1150 sec t=2300 sec
0.0 1.0
interface damage
Δx = 0.24 mm             Δx = 0.80 mm                 Δx = 0.95 mm              Δx = 2.02 mm 
Chapter 5 – Buckling/Postbuckling of FMLs with Internal Features: Modelling 
130 
 
(a)             (b) 
 
(c) 
Figure 5.21: Axial force versus in-plane displacement for far-field specimens; (a) pristine and (b) 
with an artificial defect and (c) FE model comparison between pristine and with defect far-field 
specimens. 
5.4 Chapter summary 
This chapter included numerical studies to determine the buckling and postbuckling 
behaviour of Glare® laminates with splice, doubler and artificial circular delamination 
features. The results showed good agreement with experiments in terms of in-plane 
and out-of-plane displacements thus validating the models used. 
The gradual evolution of interface damage (delamination) is effectively modelled by a 
cohesive zone model in both splice and far-field specimens’ models, which also 
predicts the lack of delamination in the doubler model. A considerable amount of 
0
2
4
6
8
10
12
0 0.5 1 1.5 2
A
x
ia
l 
fo
rc
e
 [
k
N
]
In-plane displacement, Δx [mm]
FE results
DIC data specimen (2)
0
2
4
6
8
10
12
0 0.5 1 1.5 2
A
x
ia
l 
fo
rc
e
 [
k
N
]
In-plane displacement, Δx [mm]
FE results
DIC data specimen (2)
0
2
4
6
8
10
12
0 0.5 1 1.5 2
A
x
ia
l 
fo
rc
e
 [
k
N
]
In-plane displacement, Δx [mm]
FE results no defect
FE results with defect
Chapter 5 – Buckling/Postbuckling of FMLs with Internal Features: Modelling 
131 
energy is dissipated via plastic deformation of the metallic sheets in all cases. The FE 
models predict damage in GFRP layers due mostly to fibre direction and transverse 
direction compression. In addition, delamination between composite plies is observed 
in both splice and doubler regions. These findings are supported by acoustic emission 
data collected during validation of the experiments. Relatively small embedded artificial 
delaminations typical of those potentially introduced during manufacturing had a 
negligible effect on the compressive strength of both splice and doubler specimens, 
while a relatively large artificial delamination in proportion to the specimen width has a 
noticeable effect on the compressive strength of far-field specimens and postbuckling 
stiffness, a finding which was also validated by the experimental and numerical results. 
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Chapter 6  - Fatigue Numerical Model and Validation 
6.1 Introduction 
This chapter focuses on the development of a constitutive damage model capable of 
simulating the damage at the interfaces of elastic-plastic materials (in this case at the 
interfaces between the aluminium and GFRP layers of the Glare® laminates) under 
high cycle dynamic loading. The model uses a mixed mode trapezoidal traction 
separation law to addresses the problem of defining the damage behaviour of elastic-
plastic materials under high cycle fatigue and is to the author’s best knowledge entirely 
novel, previous solution available in the literature having dealt with static and/or single 
mode analysis as discussed in Chapter 2. 
This model is used to define the material properties of cohesive layers in a series of 
models of increasing complexity designed to validate the approach proposed. Models 
are written in FORTRAN 77 programme and implemented in Abaqus/Explicit software 
using the user subroutine VUMAT. This subroutine enables the mechanical constitutive 
behaviour of a material to be defined and implemented in an explicit model (an 
alternative UMAT subroutine is available for implicit modelling). At each increment of 
the analysis VUMAT reads and updates the state variables according to a user defined 
constitutive equation. By interfacing with Abaqus/Explicit it takes advantage of the use 
of relatively quick to compute small time increments and efficient convergence is 
achieved from diagonal (“lumped”) element mass matrices. A complete description of 
these features and instructions on how to write VUMAT subroutines basis is given in 
[169]. 
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6.2 Mixed mode trapezoidal traction-separation law 
An overview of the cohesive zone model (CZM) and its development was presented by 
the author in Chapter 2, with cohesive elements used in the static models developed in 
Chapters 4 and 5. 
Cohesive zone models have been widely used for predicting delamination in adhesively 
bonded structures under fatigue loading. Models used in these analyses which are 
mostly based on a bilinear traction-separation law have been found to be a particularly 
efficient approach for elastic materials. This approach however has not been found to 
be accurate for elastic-plastic materials where a trapezoidal traction-separation law 
proved to be more efficient in predicting the plastic flow of ductile adhesives [175].  
The trapezoidal traction law shown in Figure 6.1 has been adopted by many 
researchers [94-103] to model interface damage behaviour in elastic or elastic-plastic 
materials in either mode-I or mode-II under static loading. In this work, a mixed mode 
trapezoidal traction-separation law has been developed to model first static and then 
high cycle fatigue damage in fibre metal laminate (FML) structures including adhesively 
bonded joints. The deterioration due to the influence of fatigue loading is then 
simulated by degrading the trapezoidal traction-separation response based on a fatigue 
damage variable derived from the Paris law of the material and the elapsed number of 
load cycles. 
 
Figure 6.1: Mixed mode trapezoidal traction law. 
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As discussed previously CZM can be implemented in Abaqus/Explicit using either 2D 
(COH2D4) or 3D (COH3D8) cohesive elements. Whilst the static analyses described in 
earlier chapters, used 3D elements a 2D cohesive element has been adopted for 
fatigue modelling for simplicity, as both the splice and doubler specimens to be studied 
have symmetrical through thickness cross-sections (width-direction propagation can be 
neglected for narrow, prismatic tension-tension specimens but not for the wider 
buckling specimens). Figure 6.2 shows pure mode-I and pure mode-II failure modes for 
these elements. More details can be found in the Abaqus software manual [169]. In this 
work mixed mode failure will also be considered. 
 
Figure 6.2: Cohesive modes of failure in two dimensions. 
6.3 Modelling fatigue in Abaqus using the VUMAT subroutine 
The cohesive zone models developed were then utilised in the two-stage fatigue 
loading analysis shown in Figure 6.3. In the first step static loading up to the maximum 
fatigue load value was applied after which the second step including the fatigue 
envelope approach described in Chapter 2 and shown in Figure 6.3 (a) began. This 
process required the use of two VUMAT codes to simulate both quasi-static and high 
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cycle fatigue damage behaviour with the static VUMAT subroutine following the 
trapezoidal traction law, and the fatigue VUMAT subroutine following the Paris Law. 
This fatigue degradation process is illustrated in Figure 6.3 (b) and is based on a total 
damage variable which is the sum of both static and fatigue damage variables. This 
fatigue damage variable (𝐷𝒇) is zero at the end of static step and is then updated 
according to the Paris law for each increment. During analysis, it increases up to 
certain value 𝐷𝒇,𝑡𝟏 at simulation time 𝑡𝟏 which is identified by the user and which 
indicates the start of the ‘fatigue degradation at constant stress’ region. Fatigue 
degradation then continues to increase following the trapezoidal traction law up to 
damage variable 𝐷𝒇,𝑡𝟐 at simulation time 𝑡𝟐 at the softening stress region. The process 
continues until final fatigue failure occurs when (𝐷𝒇) reaches one and the number of 
cycles is equal to the number of failure cycles, at which point all cohesive stress 
components vanish. 
 
Figure 6.3: (a) Fatigue envelope loading, and (b) fatigue degradation process for the cohesive 
zone model. 
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has a significant important in fatigue analysis, facilitating a balance between the total 
simulation time and the fatigue degradation start and end times. A detailed explanation 
of the calculation of both static and fatigue damage variables is discussed in Sections 
6.2.2 and 6.2.3, respectively. 
6.3.1 Quasi-static damage model 
The first stage in this work was to develop a static VUMAT code and to build it into an 
interface with the Abaqus/Explicit software. For this, a trapezoidal mixed mode 
modified cohesive zone model (Figure 6.1) was adopted. This code is described in the 
flowchart shown in Figure 6.4. 
The VUMAT subroutine calls for blocks of material points at each increment and is 
provided with the material state data for each material point including stresses and 
solution – state dependent variables (SDVs) by the main programme. The state 
variables include the strain increments that can be used to calculate separation under 
mode-I, 𝑈𝑰 and mode-II,  𝑈𝑰𝑰 . This enables updated stresses including normal stresses 
𝜎𝑰 and shear stresses 𝝈𝑰𝑰 for both mode-I and mode-II, respectively, to be calculated at 
each integration point for each element and updated using the history delivered from 
the main programme. These stresses are then used to calculate the damage initiation 
variable (𝐷𝒊). After this damage initiation can be predicted using a quadratic nominal 
stress criterion (equation 6.1) [169]. Strain energy release rates 𝐺𝑰 and 𝐺𝑰𝑰 are then 
calculated from the areas under the trapezoidal traction-separation curves for mode-I 
and mode-II (equations 6.2 and 6.3), respectively. Finally damage evolution variable 
𝐷𝒆 is calculated using a power law failure criterion (equation 6.4) based on strain 
energy and the power law parameter, 𝜙 determined from best fit to mixed-mode 
delamination data from the literature [176]. Delamination growth is mostly described in 
terms of the strain energy release rates [166]. The energy release rate of the interface 
between aluminium 2024-T3 and FM94 reinforced with S2 glass fibre used here is 
based on experiments performed by Vesco et al.[177]. An important aspect of the 
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mixed mode case is the lower total energy 𝐺𝑐 required compared to the pure mode-I 
and mode-II situations. Neither the Benzeggagh-Kenane criterion, as described by 
Wen-Guang Jiang et al. [176] and Camanho et al. [178], nor the power law with the 
power constant (𝜙) equal to 1 or 2 can correctly describe the experimental behaviour 
as obtained by Vesco et al. [177]. A better relation for this specific case is the power 
law with the power 𝜙 = 1/2  [166]. 
(
𝜎𝐼
𝜎𝐼𝑐
 )2 + (
𝜎𝐼𝐼
𝜎𝐼𝐼𝑐
 )2 = 𝐷𝑖                                                                                                             (6.1) 
𝐺𝐼 = ∫ 𝜎𝐼
𝑢
0
 𝑑𝑢𝐼                                                                                                                        (6.2) 
𝐺𝐼𝐼 = ∫ 𝜎𝐼𝐼
𝑢
0
 𝑑𝑢𝐼𝐼                                                                                                                    (6.3) 
(
𝐺𝐼
𝐺𝐼𝑐
 )𝜙 + (
𝐺𝐼𝐼
𝐺𝐼𝐼𝑐
 )𝜙 = 𝐷𝑒                                                                                                           (6.4) 
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Figure 6.4: Static damage model flow chart. 
6.3.2 Fatigue damage model 
A fatigue analysis was then developed based on the static damage model by 
incorporating cyclic degradation using a fatigue damage degradation law. This code 
can be explained by reference to the flowchart in Figure 6.5. The fatigue damage 
approach adopted in this model to calculate crack growth rate is a normalised Paris law 
according to [166, 177] as follows: 
d𝑎
d𝑁
= 𝐶 (
∆𝐺
𝐺𝑐
)
𝑚
                                                                                                                      (6.5) 
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where d𝑎/d𝑁 is the crack growth rate (the increment in crack area with increasing 
number of cycles) and C and m are best fit coefficients to experimental data in a log-log 
plot for crack length a versus number of cycles N. The total critical strain energy 𝐺𝑐 is a 
material property for the interface cohesive layer (Chapter 5: Table  5.4) and it 
represents the area under the curve of the trapezoidal traction–separation relation for 
pure mode-II as in this study we consider only pure mode-II to simulate delamination 
crack growth under fatigue loading. This is because delamination is the predominant 
failure mode as noticed from experiments. The change in mode-II strain energy can be 
calculated as in [166, 177] as follows; 
𝛥𝐺 = (1 − 𝑅2). 𝐺max                                                                                                           (6.6) 
where, 𝑅 is the load ratio (which can be calculated from division of minimum fatigue 
load over the maximum fatigue load) and for this study its value is equal to 0.1 from 
experiments and 𝐺max is the maximum strain energy in mode-II. The fatigue damage 
variable 𝐷𝑓 is calculated based on effective element length (𝐿𝐼. ) which is the length 
associated with a single cohesive integration point in the direction of crack propagation. 
The delamination will propagate with a distance 𝐿𝐼.  after a certain number of cycles to 
failure 𝑁𝑓 with a constant crack growth rate 
𝑑𝑎
𝑑𝑁
 which is calculated using the Paris law 
given in equation 6.5 based on both pure mode-II strain energy release rate ratio and 
experimental fatigue parameters as follows; 
𝑁𝑓 = 𝐿𝐼.  ∙  
1
d𝑎
d𝑁
⁄                                                                                                                   (6.7) 
𝑡𝑓 = 
𝑁𝑓
𝜔⁄                                                                                                                                 (6.8) 
𝐷rate = 
𝑑𝑡
𝑡𝑓⁄
                                                                                                                          (6.9) 
𝐷𝑓 = 𝐷𝑓 +  𝐷rate                                                                                                                  (6.10) 
where 𝑡𝑓 is the failure time of each element in the direction of crack propagation, 𝜔 is 
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the user-defined loading frequency and 𝐷rate is the calculated fatigue damage after 
every time step (𝑑𝑡) in the explicit analysis. 
 
Figure 6.5: Fatigue damage model flow chart. 
Finally the total damage variable (𝐷𝑡) can be calculated from summation of static 
damage variable (𝐷𝑠) and fatigue damage variable (𝐷𝑓) according to [59, 105, 179] as 
follows: 
𝐷𝑡 = 𝐷𝑠 + 𝐷𝑓                    (6.11) 
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6.3 Unloading/Reloading 
As discussed above, the fatigue model developed in this work is based on modelling 
the envelopes of forces versus simulation time (pseudo-time). As the number of 
elapsed cycles increases and interfaces degrade, the cohesive elements ‘soften’ and 
displacements increase for a constant prescribed peak load. However, since this model 
is analysed in an explicit dynamic solution, minor local oscillations in force and 
displacement envelopes may occur. Therefore a rigorous treatment of 
unloading/reloading paths is required for the model to be valid, as explained in this 
section. 
If the separation of the corresponding cohesive surfaces happens to be smaller than in 
the previous loading state, the ‘unloading’ path is followed. Unloading is prescribed to 
be directed back to the origin of the traction-separation space [169] see Figure 6.6. The 
traction components during unloading are then calculated as follows; 
 
(a)                (b) 
Figure 6.6: Unloading/reloading path for mixed mode trapezoidal traction law for (a) the constant 
stress-region and (b) the softening region. 
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𝜎 = 𝜎                        (6.12) 
𝑈 <  𝑈max                          →     Unloading 
𝐾1 =
𝜎𝑜
𝑈max
                      (6.13) 
𝜎unloading = 𝐾1 ∙ 𝑈                   (6.14) 
If 𝐷𝒕 = 0 
𝜎unloading = 𝜎reloading                  (6.15) 
If 𝐷𝒕 >  0 
𝐾1 = 𝐾1 ∙ (1 − 𝐷𝑡 )                    (6.16) 
𝜎reloading = 𝐾1 ∙ 𝑈                   (6.17) 
For the softening region, Figure 6.6 (b): 
𝑈 ≥ 𝑈max                     →     Loading 
𝜎 = 𝜎 ∙
𝑈3−𝑈
𝑈3−𝑈2
                     (6.18) 
𝑈 <  𝑈max                          →     Unloading 
𝜎max = 𝜎 ∙
𝑈3−𝑈max
𝑈3−𝑈2
                   (6.19) 
𝐾2 =
𝜎m𝑎𝑥
𝑈max
                      (6.20) 
𝜎unloading = 𝐾2 ∙ 𝑈                   (6.21) 
𝐷𝑡 = 0                         →     Reloading 
𝜎unloading = 𝜎reloading                  (6.22) 
𝐷𝑡 > 0                         →     Reloading 
𝐾2 = 𝐾2 ∙ (1 − 𝐷𝑡 )                    (6.23) 
𝜎reloading = 𝐾2 ∙ 𝑈                   (6.24) 
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where 𝑈 is the displacement at the current increment, 𝑈max is the maximum 
displacement up to the current increment (i.e. the ‘envelope’ displacement), 𝜎  is the 
yield stress for the cohesive layer, 𝜎 is the current stress for the cohesive layer, 
𝑈1 , 𝑈2, 𝑈3 are user-defined displacements defining the trapezoidal law, 𝐷𝑡 is the total 
damage variable, 𝐾1 is the unloading/reloading stiffness in the constant stress region, 
and 𝐾2 is the unloading/reloading stiffness in the softening region. 
6.4 Element deletion 
Each cohesive element has a number of integration points also called material points 
and for 2D cohesive elements (COH2D4) there are two per element (see Figure 6.7). 
Material point deletion can be used to delete damaged elements, once all material 
points are flagged as deleted. Once a material point has been flagged as deleted, it 
cannot be reactivated. Once an element is deleted stress and strain for that element 
are set to zero and the analysis can continue without the need for re-meshing [169]. 
The state variable can be used to control the element deletion flag in VUMAT. For 
instance, specifying a state variable of SDV5 indicates that the fifth state variable is the 
deletion flag in VUMAT. The deletion state variable should be set to a value of one or 
zero. A value of one indicates that the material point is active, while a value of zero 
indicates that Abaqus/Explicit should delete the material point from the model by 
setting the stresses and strains to zero. The block of material points passed to the 
VUMAT code remains unchanged during the remainder of the computation and deleted 
material points are not removed from the block. 
 
Figure 6.7: Schematic of a two-dimensional cohesive element (COH2D4). 
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6.5 Numerical modelling 
6.5.1 Simplified models  
Having developed the cohesive zone model to be used in modelling high cycle fatigue 
it was incorporated into a series of models of increasing complexity to enable the 
required material properties to be determined and the model to be validated. Material 
properties were obtained first using a quasi-static model and then validation was 
achieved through use of the fatigue model. 
6.5.2 Three-element model 
Initially, a simplified model using three elements was generated as shown in Figure 6.8, 
in order to validate the modified cohesive zone approach using the trapezoidal traction 
law for both pure mode-I and mode-II under quasi-static and fatigue loading. The 
simplified model incorporates three cohesive elements with a constant thickness of 
0.01 mm. Element 1 is subjected to vertical and horizontal loads or displacements 
representing mode-I and mode-II damage failure modes respectively whilst the other 
two elements are fixed in both the 𝑥 and 𝑦 axes. The two-dimensional cohesive 
elements (COH2D4) are used; each element is 0.25 mm in length. The properties of 
the cohesive materials used are as given in Table 5.4. 
 
Figure 6.8: Three element model. 
6.5.2.1 Quasi-static loading 
The traction separation curves for static loading for both mode-I and mode-II obtained 
using the VUMAT code for this model are compared with the bilinear CZM available in 
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Abaqus software library and the results can be seen in Figure 6.9.The mode-I VUMAT 
results in Figure 6.9 (a) show that a yield stress of 40 MPa is reached in the damage 
initiation region at a displacement of 1.827×10-4 mm for a normal stiffness 
2.189×105 N/mm3 and this is identical to the Abaqus results in the elastic region. The 
VUMAT results then show damage evolution starting with an increasing level of 
displacement under constant stress up to a separation of 6.86 µm for the constant-
stress region in accordance with the trapezoidal law, followed by a linear degradation in 
stress up to failure displacement 16.0 µm at zero stress in the softening region. Abaqus 
results however, in accordance with the bilinear damage model implemented show 
immediate linear degradation in stress with increasing displacement up to 45.67 µm 
which is significantly higher than the VUMAT separation. Pure mode-II results 
(Figure 6.9 (b)) show similar behaviour in the elastic region with a shear yield stress of 
40 MPa but a much lower shear stiffness of 8.32×104 N /mm3 as would be expected. 
Damage initiation is predicted by both the VUMAT code and Abaqus at a displacement 
of 4.86×10-4 mm. Stress then remain constant for the VUMAT code during the 
constant-stress region (up to a 15.18 µm separation) with a degradation in stress up to 
a failure displacement of 35.3 µm in the softening region. Mode-II Abaqus results 
however again follow a bilinear law where damage evolution starts with increasing in 
displacement up to 100 µm accompanied by stress softening to zero. Finally it can be 
seen for both mode-I and mode-II VUMAT results that the standard trapezoidal traction 
law reported via Hutchinson [94] is achieved. 
A comparison of the contours obtained by plotting the Abaqus static damage variable 
(SDEG) and the VUMAT code static damage variable (SDV) is presented in 
Figure 6.10 (a). Both mode-I and mode-II results shown very similar damage behaviour 
for element 1 with a damage value of one shown in red .The other two elements which 
have fixed boundary conditions show no damage with blue indicating damage variable 
value of zero. 
Since for both mode-I and mode-II the static damage variable shows excellent 
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agreement between Abaqus and VUMAT, only mode-I results are compared in 
Figure 6.10 (b), which demonstrates that for both VUMAT and Abaqus, damage 
increased steadily with increasing simulation time up to maximum value at (𝐷=1) and 
then remained constant up to the final failure. 
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Figure 6.9: Comparison between the VUMAT code and Abaqus’ built-in cohesive law for a 
three-element simplified model in (a) pure mode-I and (b) pure mode-II. 
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Figure 6.10: Static damage variable comparison between VUMAT code results (SDV) and 
Abaqus software results (SDEG) for simplified model in mode-I and mode-I (a) contour plots (b) 
damage variable versus simulation time. 
6.5.2.2 Fatigue loading 
Fatigue results for the three element model under fatigue loading are again presented 
only for element 1 since no damage occurs in elements 2 and 3 due to fixed boundary 
conditions assigned to them in order to simplify analysis. The traction-separation 
curves plotted in Figure 6.11 show identical behaviour in both static and fatigue 
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behaviour in the purely elastic region as expected but also at the beginning of the static 
softening region before fatigue damage occurs. Following this fatigue damage starts at 
a user-defined start time (0.0002 s in this example) in the constant-stress region at a 
stress of 40 MPa leading to early degradation in stresses at a displacement of 5.2 µm 
in comparison with the static result which starts softening at a displacement of 15.5 µm. 
The first element fails at a displacement of 17.9 µm under fatigue whilst the failure 
displacement is 35.7 µm under pure mode-II static load. 
 
 
Figure 6.11: Traction-separation curve comparison between static and fatigue 70% severity 
using pure mode-II VUMAT code for simplified three element model. 
6.5.3 Cut-ply specimen model 
A more complicated cut-ply model was then generated as shown in Figure 6.12. This 
model incorporates two aluminium layers with different thicknesses bonded using 
cohesive elements. The aluminium layers are 0.4 mm (upper) and 0.1 mm (lower) 
thick. Each layer comprises 200 elements 0.25 mm long and is one element thick. The 
elements used are linear two-dimensional continuum elements (CPS4R). The 
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interfaces are meshed using two-dimensional cohesive elements (COH2D4) 0.01 mm 
thick. The model has a fixed boundary condition at the LHS edge nodes and also along 
the bottom nodes. The properties of aluminium and cohesive materials used in this 
model are given in chapter 5 (Tables 5.1 and 5.4) for aluminium and cohesive 
properties are the same used in Section 6.5.2. RHS edge elements are subjected to 
horizontal loads or displacements representing mode-II damage failure mode. 
 
 
Figure 6.12: Cut-ply specimen model. 
6.5.3.1 Quasi-static loading  
The traction-separation curves for the cut ply model based on both pure mode-I and 
mode-II VUMAT code are shown in Figure 6.13. 
A good representation of the trapezoidal traction law reported via Hutchinson [94] is 
achieved. For mode-I indicates a normal yield stress of 40 MPa is reached at the 
damage initiation region at a displacement of 1.827×10-4 mm for a normal stiffness of 
2.19×105 N/mm3 and that the stress then remains constant during the constant-stress 
region up to a displacement of 6.86 µm. During softening stress degrades up to a 
failure displacement of 16.0 µm. 
For pure mode-II the curve shows similar behaviour with a shear yield stress at 40 MPa 
but as shear stiffness is lower than direct stress in the normal direction 
8.32×104 N/mm3 damage initiation occurs at a displacement of 4.86×10-4 mm, with 
stress remaining constant for the constant-stress region up to displacement 15.18 µm 
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and then softening up to a failure displacement of 35.30 µm. 
Figure 6.13: Traction-separation curve for simplified model using VUMAT code for (a) pure 
mode-I, (b) pure mode-II. 
6.5.3.2 Fatigue loading  
The traction-separation curves for the cut ply model under cyclic loading are shown in 
Figure 6.14. These show that both static and fatigue curves are identical in the purely 
elastic region and the initial part of the static softening region before fatigue damage is 
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incurred. After this fatigue damage initiates at the user-defined start time of 0.0003 s in 
the constant-stress region at 40 MPa leading to an early degradation in stress over a 
displacement range of 1.36 – 4.382 µm for all of a series of four-sample results taken 
from four cohesive elements starting from 1.25 mm from the right hand side edge of the 
model representing the predicted stable crack growth. 
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Figure 6.14: (a) Cohesive elements used in the simplified cut-ply model (data for four cohesive 
elements starting 1.25 mm from the RHS edge), and (b) traction-separation curve comparison 
between static and fatigue (70% severity). 
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In order to validate the fatigue parameters used which were taken from experimental 
data reported by Alderliesten[4], the response for different severities was predicted 
using the VUMAT code as shown in Figure 6.15. For clarity results for only four 
cohesive elements out of the 200 elements modelled are shown for four different 
severities (70%, 60%, 50% and 40%) and compared with experimental Paris law 
results. The maximum strain energy release rate for pure mode-II (𝐺II) is calculated for 
each severity and the results for strain energy ratio are plotted against crack growth 
rate to obtain the Paris curve. A power law fitting was used to get fatigue parameters 
with very good correlation observed between predicted and experimental results. 
 
 
Figure 6.15: Experimental from [4] and numerical Paris curve for simplified model at R- ratio 
R=0.1 and severities (70%, 60%, 50% and 40%) for a series of cohesive elements at 
delamination length start at 1.25 mm from crack tip element. 
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6.6 Chapter summary 
This chapter presents the development of a user-defined subroutine (VUMAT) to define 
the high cycle fatigue damage behaviour of elastic plastic material such as that at the 
interface between the metallic and GFRP layer of the fibre metal laminate Glare® within 
the Abaqus/Explicit software. The code is based on a cohesive zone model for mixed 
mode loading using a combination of trapezoidal traction-separation and Paris laws not 
currently available within the literature or proprietary codes such as Abaqus. The 
developed fatigue damage model is based on a normalised Paris law which is a 
function of the change in strain energy and critical strain energy. This has advantages 
over other fatigue damage models in the literature which depend either on stress or 
strain, being based on strain energy represented by the area under the traction- 
separation curve and therefore a function of both stress and strain. The predictive 
fatigue damage model also accounts for the load ratio effect and this is incorporated by 
using the change in strain energy which is calculated as a function of the load ratio and 
the maximum strain energy. The predicted static damage model has been validated 
against results obtained from the Abaqus software and the fatigue damage model has 
been checked against experimental fatigue results for the Paris law by Alderliesten [4]. 
Models based simplified geometries including a three element model and a cut-ply 
model were generated and analysed using the predicted damage model for both 
mode-I and mode-II under static and fatigue loads. It was found that the developed 
static model correlates very well with Abaqus results obtained using a bilinear law. It 
was also found that the developed fatigue model successfully predicted the 
experimental Paris curve. Thus, the model was validated as being able to simulate 
delamination propagation in FMLs interfaces and adhesive joints effectively. 
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Chapter 7 - Fatigue Damage in Fibre Metal 
Laminates with Internal Features 
7.1 Introduction 
This chapter focuses on the modelling of damage initiation and propagation in Glare® 
laminates containing adhesively bonded joints (both splices and doublers) under high 
cycle fatigue loading. This was achieved using the modified cohesive zone model 
(CZM) presented in Chapter 6 to represent interlaminar damage in the high toughness 
adhesive of metal-fibre interfaces. The CZM was implemented through a user – written 
VUMAT subroutine in the Abaqus/Explicit software. Damage in the bulk material 
constituents of the laminate (aluminium, composite and resin pocket) was not 
considered in this analysis which concentrates on the application of the novel CZM to 
investigate damage at the interfaces but could be added if required. 
A two-stage experimental testing programme was performed in order to support the 
numerical analyses. Firstly, quasi-static tests were used to obtain the ultimate tensile 
strength (UTS) of the manufactured specimens and hence determine appropriate 
values for the severity and maximum load for the fatigue testing. Then, fatigue life 
curves were extracted for specimens containing both splice and doubler specimens in 
order to study fatigue behaviour of FMLs including these features. 
Tests were monitored using digital image correlation (DIC) to determine in-plane 
displacement during the quasi-static tests in order to plot load versus in-plane 
displacement curves for the specimens and hence determine the UTS needed to 
calculate the severities for the fatigue tests and acoustic emission (AE) to enable the 
initiation and propagation of damage to be detected during the fatigue tests. 
Further details on both these techniques have been given in Chapter 3. 
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7.2  FE models 
To model the fatigue behaviour of both splice and doubler joints, two-dimensional FE 
models representative of the specimens to be tested were created, one for each joint. 
Models were 153 mm × 2.56 mm representing the gauge sections without tabs. This 
was achieved by extracting the geometry and thickness of each layer from detailed 
scans of the actual specimens, shown in Figure 7.1, and then meshing the continuum 
(bulk) material (aluminium, composite and the resin pocket) using two-dimensional 
linear continuum elements (CPS4R) as shown in Figures 7.2 and 7.3. 
 
 
Figure 7.1: Specimen design for (a) doubler (b) splice (images resized for clarity, not to scale). 
 
The interfaces were meshed using two-dimensional cohesive elements (COH2D4). The 
cohesive layers were 0.01 mm thick and had a mesh size of unity (the thickness was 
chosen based on a review of the literature related to similar models for fibre laminates). 
The mesh size was determined through mesh sensitivity analysis which is explained in 
detail in Appendix-A. The mechanical properties used for the aluminium, GFRP, bulk 
FM94 resin and cohesive layers were the same as those used in Section 5.2.3. 
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Load control was implemented with forces applied to all edge nodes along the left side 
of the specimen for both splice and doubler models (Figures 7.2 and 7.3), and the right 
side was fixed in both horizontal (𝑥) and vertical (𝑦) directions. Top and bottom edges 
were left free in order to simulate experiments. 
Analyses were conducted in Abaqus/Explicit with the cohesive zone model 
implemented through the use of a VUMAT subroutine implementing first the quasi-
static and then the fatigue damage models described in Sections 6.2.2 and 6.2.3, 
respectively. As the experimental static tests (see Appendix-B) showed that crack 
growth for both splice and doubler specimens was mostly mode-II, therefore only 
mode-II VUMAT code was implemented for both models. 
 
Figure 7.2: Finite element mesh of the splice specimen (top) based on optical scans of real 
specimens (bottom) (images resized for clarity, not to scale). 
 
 
Figure 7.3: Finite element mesh of the doubler specimen (top) based on optical scans of real 
specimens (bottom) (images resized for clarity, not to scale). 
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7.3 Experimental test setup 
Tests were conducted on specimens containing splice and doubler features as shown 
in Figure 7.1. Specimens measured 153 mm × 13.5 mm for the gauge section- with 
53 mm × 13.5 mm aluminium end tabs bonded onto each end. These specimens were 
manufactured in-house as described in Chapter 3. They consisted of 0.4 mm thick 
sheets of aluminium alloy 2024-T3 and Cytec™  2-glass/FM94 glass fibre reinforced 
polymer (GFRP) unidirectional prepreg with a lay-up corresponding to the specification 
for Glare® 4B (Table 4.1)[1]. Each GFRP ‘layer’ had 3 plies with the layup [90°/0°/90°] 
and a cured ply thickness of 0.133 mm. The layup one side of the joint was ‘3/2’ (three 
layers of aluminium and two layers of GFRP prepreg) and on the other ‘4/3’ (four layers 
of aluminium and three layers of prepreg). They were tested under first static and then 
fatigue load using an MTS servo-hydraulic (50 kN) machine as shown in Figure 7.4. 
Static tests were monitored using digital image correlation to derive accurate 
measurements of the in-plane displacement. The DIC system and set-up described in 
Chapter 3, section 3.6 was used to monitor the in-plane displacement of the surface of 
each of the specimens.  
 
Figure 7.4: Experimental fatigue test setup. 
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Figure 7.5: AE sensors position on Glare
®
 4B specimen. 
 
Two Nano-30 Acoustic Emission (AE) sensors were mounted on the specimens to 
monitor damage events during both static and fatigue tests. These sensors; supplied 
by Mistras Group™ have a mid-band frequency range of 125-750 kHz. They were 
chosen since due to their small size (8 mm diameter) they could easily be mounted on 
the relatively small surfaces of the specimen available. In addition to this practical 
consideration, the Nano-30 AE sensor has a resonant response up to 300 kHz and a 
good frequency response making it suitable for monitoring the signals expected. They 
were bonded to the specimens using multi-purpose silicone sealant Loctite™ 595 as 
shown in Figure 7.5. They were then connected to Mistras Group™ pre-amplifiers with 
a 40 dB gain and a built-in band-pass filter of 20-1200 kHz. The pre-amps were in turn 
connected to a Mistras Group™ PCI2 acquisition unit. The detection settings were 
45 dB threshold, sampling rate 5 MHz (as recommended by previous authors including 
Al-Jumaili [134] and Pearson [156]). Damage initiation and evolution were detected 
using the traditional AE analysis technique described in Chapter 3 (the improved 
Delta-T location technique cannot be applied in this case as it requires the use of three 
sensors [69]). 
7.3.1 Pre-cracking 
In order to create a crack initiation site in the doubler specimens they were preloaded 
(this was not necessary for the splice specimens in which the crack naturally grows 
from the discontinuity at the outer surface). This was achieved by loading the 
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specimens slowly in tension whilst using the camera system with the high magnification 
micro-lens described in Section 3.4 to monitor crack initiation and propagation. When 
the crack length reached 1 mm the test was stopped. 
7.3.2 Static testing 
Quasi-static tests were conducted on specimens containing each type of joint of (three 
splice specimens and three pre-cracked doubler specimens were tested as the pristine 
doubler specimens showed very similar behaviour to the pre-cracked ones). Load was 
applied through displacement control at a rate of 0.001 mm/s, and specimens were 
tested until failure. Tests were monitored using a Digital Image Correlation (DIC) 
system to derive accurate measurements of the in-plane displacement as described 
above. Further details of work carried out to examine the initiation and propagation of 
damage in these specimens using acoustic emission (AE) monitoring are explained in 
Appendix-B. 
 
7.3.3 Fatigue testing 
A series of fatigue tests, based on the loads determined from the static tests were then 
performed. In the case of the doubler, both pristine and pre-cracked specimens were 
tested. For the splice, only pristine specimens were tested since the termination of the 
outer aluminium ply acted as a crack initiator. Tests were carried out with a constant 
load ratio 𝑅 = 0.1 and a frequency of 5 Hz. Different severities were investigated (two 
each of 30%, 40%, 50% and 60%)  based on a maximum fatigue loads calculated from 
ultimate tensile strengths obtained from quasi-static tests on identical specimens [180] 
Fatigue tests were terminated after 106 cycles as the run out failure cycles. 
Experiments were initially monitored using the high magnification video camera 
described in Section 3.4 to monitor crack growth with an example of the results 
obtained for one of the doubler specimens shown in Figure 7.6, however due to the 
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field of view achieved at the required level of magnification cracks could only be 
monitored up to a length of 4 mm. In addition to this, crack opening displacement, 
particularly at the early stages of crack growth is less than 0.1 mm, making the crack 
very difficult to detect. It was therefore decided to use data from the experiments of 
Alderliesten [4] to verify the model (further details are provided in Section 7.4.3.2). 
 
Figure 7.6: Fatigue crack length measurement for doubler specimen using video camera with 
micro lenses at 50% severity and load ratio 𝑅 = 0.1. 
7.4 Results and discussion 
7.4.1 Static testing 
The load versus displacement results for both crosshead displacement and in-plane 
displacement measured using MTS machine and DIC system respectively for the static 
tests for both the splice and the doubler specimens are shown in Figures 7.7 and 7.8. 
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The average ultimate tensile loads for use in calculating the severities for the fatigue 
tests are seen to be 12.52 kN in the doubler and 9.47 kN in the splice specimens, 
respectively. 
 
(a)             (b) 
Figure 7.7: Axial force versus in-plane displacement for doubler specimens; (a) MTS results and 
(b) DIC results. 
 
 
(a)            (b) 
Figure 7.8: Axial force versus in-plane displacement for splice specimens; (a) MTS results and 
(b) DIC results. 
7.4.2 Fatigue testing 
Fatigue test data for the splice and doubler specimens (pristine and pre-cracked) is 
presented in Table 7.1. 
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Table 7.1: Fatigue test results for the splice and doubler specimens. 
Specimen Peak load 
(kN) 
Severity 
(%) 
 
 Fatigue life 
(cycles) 
Set-1 
Fatigue life 
(cycles) 
Set-2 
 
Splice 
5.682 60  55912 49187 
4.735 50  110055 141878 
4.261 45  185093 180931 
3.788 40  374187 551276 
3.314 35  Run out Run out 
 
Pristine  
doubler 
6.260 50  35156 48874 
5.008 40  161388 201607 
4.382 35  456228 424827 
3.756 30  896389 769385 
3.130 25  Run out Run out 
 6.260 50  49547 55945 
Pre-cracked 
doubler 
5.008 40  169251 174165 
4.382 35  394311 455357 
3.756 30  904207 912823 
3.130 25  Run out Run out 
 
 
Figure 7.9: Experimental S-N curves for the splice and doubler specimens with a load ratio 
𝑅 = 0.1. 
 
  
(a)           (b) 
Figure 7.10: Glare4B specimens after fatigue test at load ratio 𝑅 = 0.1 and maximum severities 
(a) 60% (55912 cycles) for splice and (b) 50% (49547 cycles) for doubler. 
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Pairs of points collected from the experiments at different severities are used to plot S-
N curves for both types of specimens in Figure 7.9. Solid lines represent the trend 
lines. The S-N curves show the expected relationship between stress and average 
cycles to failure for both the doubler and splice. The results reveal that the fatigue life 
for the doubler specimens is higher than for the splice specimens, corresponding to the 
doubler joint exhibiting a higher fatigue damage tolerance compared with the splice 
joint. This is in agreement with the fact that delamination initiates and grows in the 
external discontinuous aluminium/ GFRP interfaces for the splice specimens as shown 
in Figure 7.10 causing significant stiffness degradation, while the doubler specimens do 
not show any delamination. Final fatigue failure occurred in the outer aluminium layers 
in the thinner cross-section for both splice and doubler specimens. 
Further insight into the initiation and propagation of damage is provided by the AE 
results. For the splice specimens Figures 7.11 and 7.12 show cumulative energy and 
amplitude against time respectively. During the first 1,300 seconds of the test 
(Figure 7.11 region A) whilst axial displacement increases from 0 to 0.3 mm, 
cumulative energy remains very low and signals are produced with amplitudes in the 
range of about 45-65 dB (Figure 7.12 region 1). This is potentially due to plastic 
deformation in the aluminium layers as observed in [181, 182], in which it was 
observed that plastic deformation in metals was accompanied by pronounced AE 
activity with an amplitude dependent on the type of metal. Then during the time period 
1,300-4,000 s (Figure 7.11- region B) cumulative energy starts to increase gradually, 
potentially due to matrix cracking as demonstrated by [183, 184] producing signals with 
an amplitude range of about 45-75 dB (Figure 7.12 – region 2). This is accompanied by 
a small jump in axial displacement as seen in Figure 7.11. 
Delamination initiation and growth is observed in the experiments during the period 
5,500-11,000 s and is seen to correspond to a gradual increase in the amplitude of the 
AE events which reach their highest amplitude range of about (75-98 dB) (Figure 7.12 
region 3). This is accompanied by a steady increase in energy followed by a jump at a 
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time of about 6,500 s. Finally a small number of high amplitude events are seen in the 
range 87-98 dB (Figure 7.12 region 4) accompanied by a gradual increase followed by 
a big jump in cumulative energy and axial displacement during time period 11,000-
12,000 s, observed to correspond to crack initiation and growth in the aluminium layers 
of the thinner region of the specimen (Figure 7.2) followed by complete failure of the 
aluminium and hence the specimen. 
For the doubler specimens, AE results show similar behaviour for both pristine and pre-
cracked specimens with the results for pristine specimen being presented in Figures 
7.13 and 7.14. As for the splice specimens, high amplitude events were recorded at the 
beginning of the test with an amplitude range (45-77 dB) (Figure 7.14 region 1) while 
cumulative energy remained constant up to 500 s (Figure 7.13, regionA). This was 
accompanied by an increase in axial displacement to about 0.5 mm, again it is 
anticipated, mostly due to plastic deformation in the aluminium layers. During the time 
period from 550 – 4,000 s, AE activity increases as the test progresses (Figure 7.13 - 
regionB) alongside an increase in axial displacement up to about 6 mm at time 5,500 s. 
This is accompanied by a gradual increase in the amplitude of the signals to between 
45-87 dB (Figure 7.14 region 2) believed to be caused by matrix cracking in the doubler 
joint as characterised by this level of amplitude of signal in the work of Liu and Zhuang 
et al. [183, 184]. This is followed during the time period 5,500-6,500 s, by fibre 
breakage in the discontinuous GFRP layers, characterised by signal amplitudes of 
between 45-98 dB (Figure 7.14 region 3) again in agreement with the work of Liu and 
Zhuang et al.  [185, 186], accompanied by a small jump followed by a large jump in 
cumulative energy and a noticeable increase in axial displacement as shown in 
Figure 7.13. Finally a steady increase in signals in the amplitude range of 87-98 dB is 
noticed (see Figure 7.14 region 3), accompanied by a high jump in cumulative energy 
and axial displacement, corresponding to the propagation of cracks and then failure of 
the aluminium layers in the thinner Section of the specimens observed during the test 
and confirmed by visual inspection of the damaged specimens. 
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Figure 7.11: (Top) Comparison between cumulative AE energy and axial displacement versus 
time for splice specimen under fatigue load with severity 60% and 𝑅-ratio of 0.1; (bottom) 
detailed curve of cumulative AE energy versus time for 0 < 𝑡 < 4,000 s. 
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Figure 7.12: Amplitude-versus time for splice specimen under fatigue load with severity 60% 
and 𝑅-ratio 0.1. 
7.4.3 Numerical analysis 
As described in Section 7.2 two types of analysis were carried out, calculating first the 
static damage variable, then the fatigue damage variable, and then combining, 
following the load envelope approach to determine the total damage variable and 
hence the fatigue damage evolution as discussed in Chapter 6. 
7.4.3.1  Quasi-static loading  
Traction-separation curves for both splice and doubler specimens are shown in Figures 
7.15 and 7.18, respectively. 
For the splice model, static results for each of the cohesive elements are similar, 
therefore only those for element 1 are presented. These show similar behaviour to the 
simplified model discussed in Section 6.5.3, following the trapezoidal traction-
separation law as expected, with stresses exhibiting a linear relationship with a shear 
stiffness of 83,200 N/mm3 in the elastic region up to the user defined shear stress of 
40 MPa where damage initiation starts at displacement 4.86 × 10-4 mm. After this 
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stresses remain constant for the constant-stress region while displacement increases 
up to 0.01518 mm. Finally stresses decrease in a linear manner through the softening 
region with displacements increasing up to final failure at 0.0353 mm. 
For the doubler model, again static results for the cohesive elements are similar, 
therefore only the results for element 1 are presented. The trapezoidal traction-
separation law is again followed correctly, with stresses exhibiting a linear relationship 
with a shear stiffness of 83,200 N/mm3 in the elastic region up to a user defined shear 
stress of 40 MPa where damage initiation starts at a displacement of 4.86 × 10-4 mm. 
The stress then remains constant during the constant-stress region while displacement 
increases up to a displacement 0.0176 mm. Finally stress degradation starts and 
develops in a linear manner up to the final failure at displacement 0.0358 mm. 
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Figure 7.13: (Top) Comparison between cumulative AE energy and axial displacement versus 
time for a doubler specimen under fatigue load with severity 50% and 𝑅-ratio of 0.1; (bottom) 
detailed curve of cumulative AE energy versus time for 0 < 𝑡 < 4,000 s. 
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Figure7.14: Amplitude-versus time for pristine doubler specimen under fatigue load with severity 
50% and 𝑅-ratio 0.1. 
7.4.3.2 Fatigue loading  
The traction-separation curves for the splice for a series of five cohesive elements in 
the path of the fatigue crack growth were obtained as shown in Figure 7.15 (b) with 
damage propagating from left to right i.e. from element 1 towards element 5 as 
expected and in agreement with the experimental observations. It can be seen that for 
each element these curves follow the static softening curve for a considerable portion 
of the elastic region, up to the point where the elements become part of the numerical 
crack front, at which point rapid fatigue degradation takes place. Comparing with the 
static analysis the VUMAT results show softening starts earlier under fatigue at a 
displacement of about 0.006 mm as compared to 0.0159 mm under static loading. 
Further degradation then occurs following the fatigue damage law up to final failure at 
an average displacement of approximately 0.0125 mm for the selected series of 
cohesive elements, which is lower than for the static failure that occurs at a 
displacement of about 0.0352 mm. 
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Figure7.15: (a) Location of delamination in splice specimen model, (b) comparison between 
static and fatigue traction-separation curves using pure mode-II VUMAT codes for the splice 
model at 50% severity (fine mesh, data sampled in 1 mm intervals starting 5 mm from 
discontinuous outer aluminium layer interface edge).  
 
In terms of the damage variables, Figure 7.16 shows fatigue damage variable contours 
at the outer aluminium/GFRP interface for a series of five cohesive elements starting 
5 mm from the crack edge), during different regions of the traction-separation curves. 
These elements were chosen to be far enough away from the unstable behaviour near 
the crack tip to enable stable propagation to be monitored with zero indicating 
undamaged elements and one corresponding to fully damaged elements. Contours 
start from zero in the elastic region corresponding to undamaged cohesive elements  
5432
Aluminium layer
GFRP ply
Delamination 
propagation direction
Cohesive 
elements
0
5
10
15
20
25
30
35
40
45
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
C
o
h
e
s
iv
e
 t
ra
c
ti
o
n
, 
 
(M
P
a
)
Cohesive separation, U (mm)
Static vumat results
Fatigue VUMAT results element 1
Fatigue VUMAT results element 2
Fatigue VUMAT results element 3
Fatigue VUMAT results element 4
Fatigue VUMAT results element 5
(b)
(a)
1
Chapter 7 – Fatigue Damage in Fibre Metal Laminates with Internal Features 
173 
 
 
Figure 7.16: (a) Fatigue damage variable contours plots for cohesive elements in splice 
specimen at 50% severity for elastic region, fatigue degradation constant stress region, fatigue 
degradation softening region and final failure region, (b) Traction-separation curves pointing 
baseline fatigue damage formulation.  
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(blue). As the load is increased delamination propagates in the constant-stress region 
of the trapezoidal traction-separation law (green - partly damaged interface elements). 
Then more fatigue degradation occurs in a number of the cohesive elements in the 
softening region (orange - partly damaged interface elements). Finally the delamination 
grows across all the cohesive elements (red – damage variable equal to one). 
In order to validate the numerical results, failure times from the VUMAT code results 
were compared with experimental data. Since it was not possible to obtain this data 
from the specimens tested in-house due to the problems in relation to the field of view 
as mentioned earlier in Section 7.3.3, Paris law curves recreated from the experimental 
data obtained by Alderliesten [4] from fatigue tests on Glare® 2 and Glare® 4B 
specimens giving Paris Law coefficients 𝐶 = 0.05 and 𝑚 = 7.5 were used. These 
coefficients are used to derive the points on Figure 7.17 corresponding to the five 
elements in the model, and the best fit line. It can be seen that the numerical VUMAT 
subroutine results correlate well with these experimentally derived results, with the 
crack growth rates showing good correlation for all five cohesive elements. 
 
Figure 7.17: Experimentally generated and numerical Paris curve for a series of five cohesive 
elements (shown in Figure 7.15a) in the splice model at severities 30%, 40%, 50% and 60% 
and 𝑅-ratio 0.1. 
1.0E-6
1.0E-5
1.0E-4
1.0E-3
1.0E-2
1.0E-1
1.0E+0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
d
a
/d
N
 (
m
m
/C
y
c
le
s
)
ΔGII/GIIc
Numerical results_30% Experimental results_30%
Numerical results_40% Experimental results_40%
Numerical results_50% Experimental results_50%
Numerical results_60% Experimental results_60%
Power (Theorotical Paris law (best fit to experimental data))
from [4]
from [4]
from [4]
from [4]
Chapter 7 – Fatigue Damage in Fibre Metal Laminates with Internal Features 
175 
For the doubler model, traction–separation curves for a series of five cohesive 
elements 5 mm from the crack tip in the path of the fatigue crack propagation at the 
interface between the aluminium layer and the GFRP at the discontinuity in the joint 
region are shown in Figure 7.18. Again as for the splice specimens these elements 
were chosen to validate the VUMAT code since at this stage the crack growth is stable. 
Since the upper and lower interfaces behave in exactly the same way the results from 
only the lower interface are shown in Figure 7.18 (a). The fatigue traction-separation 
curves follow the reference (static) softening curve up to the end of elastic region at a 
displacement of 4.86 × 10-4 mm and stress 40 MPa as for the splice. However, unlike 
the splice, after this point no fatigue degradation occurs in any of the elements along 
the interface indicating that delamination does not propagate along either the upper or 
the lower interface. This is consistent with the experimentally derived S-N curves 
(Figure 7.9) which show negligible difference in fatigue life between pristine and pre-
cracked doubler specimens as would be expected if delamination fails to grow. 
Confirmation can be obtained from visual inspection of the pre-cracked doubler 
specimens after testing which shows that there is no crack growth after 49547 cycles 
(Figure 7.10). The AE results further support this since similar AE activity is seen for 
both damaged and undamaged doubler specimens consistent with no delamination 
growth in the discontinuous aluminium layer and GFRP interfaces. 
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Figure7.18: (a) Location of cohesive elements in pre-cracked doubler specimen model, (b) 
comparison between static and fatigue traction-separation curves using pure mode-II VUMAT 
codes for pre-cracked doubler specimen model at 50% severity (fine mesh, data sampled in 
1 mm intervals starting 5 mm from discontinues outer aluminium layer interface edge). 
7.5 Chapter summary 
A novel cohesive zone model incorporating using a mode-II trapezoidal traction law 
was developed to simulate delamination initiation and growth in splice and doubler 
joints under static and high-cycle fatigue loading. A series of experiments were 
performed on both types of specimens under constant amplitude high-cycle fatigue 
loading to provide data to support model validation. The experimental results showed 
that the fatigue life for the splice specimens was lower than for the doubler specimens 
corresponding to lower fatigue damage tolerance. This was shown to be due to the fact 
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that delaminations initiating in the region of the discontinuous outer aluminium layers at 
the interface with the GFRP plies in the splice joint continued to propagate under 
fatigue loading, whilst with the doubler, for both pristine and pre-cracked specimens, no 
delamination growth occurred under fatigue loading. Good correlation was observed 
between the predicted FE results and those determined experimentally by Alderliesten 
[4]. AE results were successfully used to validate numerical fatigue results in which 
delamination initiation and propagation were identified by the occurrence of high 
cumulative energy events. 
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Chapter 8 - Conclusions and Further Work 
8.1 Conclusions 
The research presented in this thesis has focused on the numerical and experimental 
investigation of Glare4B laminates including adhesive joints (splices and doublers) 
incorporating defects representative of those introduced during manufacturing (or 
impact loading during operation) under static compression and high cycle fatigue 
loading. The main achievements of this work can be listed as follows: 
 The buckling and postbuckling behaviour of the splice and doubler features with and 
without defects, were successfully investigated through a series of instrumented 
tests. 
 Finite element models generated to model this behaviour showed good agreement 
with experiments in terms of in-plane and out-of-plane displacement.  
 In experiments artificial delaminations representative of those which could 
potentially be generated during manufacturing had a negligible effect on the 
compressive strength of both splice and doubler specimens, a finding which was 
replicated in the numerical results. This is potentially due to the relatively small size 
of the artificial delaminations.  
 The gradual evolution of interface damage (delamination) under compressive 
loading in the specimens investigated was effectively modelled by a cohesive zone 
model in the splice specimen model, which also predicted the lack of delamination 
growth in the doubler specimen model.  
 Finite element model results for both splice and doubler specimens subject to 
compressive loading, showed a considerable amount of energy is dissipated via 
Chapter 8 - Conclusions and Further Work 
 
179 
plastic deformation of the metallic sheets in both cases.  
 Models for both splice and doubler specimens under compression also predict 
damage in the composite layers, including matrix cracking and shear damage in the 
matrix resin layers and fibre breakage in the fibre plies.  
 Good correlation was observed between the damage predicted by the FE models 
and Scanning Electron Microscopy (SEM) micrographs for the specimens tested 
under compression loads. 
 Digital image correlation (DIC) monitoring was used for visualisation of three-
dimensional full-field in-plane and out-of-plane displacements enabling the study of 
the buckling and postbuckling behaviour. 
 Acoustic Emission (AE) was successfully used to detect and locate damage 
initiation and propagation during testing with damage correlating with areas of high 
curvature and AE activity increasing at salient points during loading, corresponding 
to significant reductions in stiffness. 
 The novel AE Delta-T location algorithm was used for the first time to improve this 
damage location. 
 The effect of impact damage represented by artificial circular delamination on the 
buckling and postbuckling behaviour of Glare® laminates was successfully examined 
through monitored experimental tests. 
 The introduction of a large delamination (covering 62.5% of the width) had a 
significant effect on this behaviour of the specimen. 
 Reductions in postbuckling stiffness due to these delaminations correlated well with 
high activity events detected by AE. AE data also enabled detection of matrix 
cracking in the highest curvature region for both pristine specimens and those 
containing defects. 
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 AE results for specimens containing artificial circular delaminations showed 
excellent correlation with FE models, which predicted delamination growth along the 
specimen’s horizontal centreline where the highest curvature is seen and around the 
edges of the artificial delamination. Also the FE model results predict the lack of 
delamination in the pristine ‘far-field’ specimens. 
 The load versus in-plane displacement curves predicted by the models for both 
pristine specimens and those with circular delaminations was also in very good 
agreement with experimental results demonstrating the ability of the FE models 
generated to simulate the buckling and postbuckling behaviour of such FML 
structures. 
 A modified cohesive zone model incorporating using mixed-mode trapezoidal 
traction-separation law was developed to simulate damage initiation and evolution at 
the metal-fibre interfaces of the FML “Glare® 4B” under both quasi-static and high 
cycle fatigue tension loadings.  
 This model is able to simulate elastic-plastic interfacial damage behaviour and as 
such is suitable for ductile adhesives including toughened epoxy unlike bilinear 
cohesive zone models which can only accurately simulate damage in brittle 
adhesives. This makes it suitable for modelling any material interface which 
incorporates ductile adhesives. 
 A series of experiments were performed under high cycle fatigue loading. The 
experimental fatigue results show that the fatigue life for the doubler specimens was 
higher than for the splice specimens, indicating that the doubler joint has a higher 
fatigue damage tolerance than the splice joint.  
 Experimental results revealed that neither pristine doubler specimens nor those 
containing defects show any delamination propagation under high cycle fatigue 
loading while in splice specimens delaminations occur in the outer discontinuous 
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aluminium layers and GFRP interfaces. 
 Developed static and fatigue VUMAT codes were successfully implemented and 
were able to model delamination initiation and propagation in fibre-metal laminate 
structures including adhesive joints. 
 Two simplified models were generated for both mode I and mode II damage failure 
modes under quasi-static loading in order to validate the static VUMAT code results 
against Abaqus/Explicit software results and a good correlation was obtained. 
 Fatigue FE analyses using this VUMAT code were validated using experimental 
Paris law results from Alderliesten [4] and a good correlation was observed between 
the predicted FE results and the experiments,  with the model predicting the 
propagation of damage in the splice joints and lack of delamination in the doubler 
joints. 
 The trapezoidal CZM was shown to be an efficient for modelling interlaminar 
damage in FML structures (Glare) including adhesively bonded joints. This due to 
the plastic or constant stress region included in the trapezoidal law which enables 
simulation of the plastic flow which occurs in  such ductile interface materials. 
 The effect of relatively small pre-cracks on the fatigue life of Glare® 4B specimens 
including doubler joint was shown to be negligible. 
 AE results were successfully used to validate different fatigue damage mechanisms 
such as delamination initiation and propagation, matrix cracking, fibre breakage and 
metal plasticity which were detected via different signal amplitudes. 
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8.2 Further work 
Whilst the work reported in this thesis provides and extensive study of the behaviour of 
the fibre-metal laminate Glare® under different loading scenarios, several areas of 
research could not be explored in this project and are left as future work, as discussed 
below. 
 The fatigue models developed in the present work could be further expanded to 
account for full 3D crack propagation problems. Although the 2D fatigue models 
developed here are suitable for the analysis of prismatic laminates, full 3D models 
may be necessary for the analysis of more complex geometries. 
 Additional fatigue damage mechanisms in fibre-metal laminates could be accounted 
for, including damage within the composite plies (matrix cracking, fibre failure) and 
the metallic layers (metal fatigue). The present work focused on fatigue delamination 
growth, which is the predominant damage mechanism, and only accounted for the 
other types of damage in a pseudo-static sense, i.e. without additional fatigue 
damage accumulation laws. The consideration of the latter is expected to have only 
a moderate effect on the predictions presented in the current work, however. 
 If possible, detailed damage imaging could be used to further validate the models 
presented here, and any models implemented in the future. X-ray computed 
tomography, which is now commonly used for the validation of CFRP and GFRP 
damage models, is unfortunately not very useful for FMLs since their metallic and 
composite layers have very different X-ray absorption and scattering properties. 
Alternatively, high-resolution ultrasonic imaging or ultrasonic microscopy might be 
more suitable imaging techniques. 
 The effects of static and fatigue bending stresses on FMLs with internal features 
could be considered, in addition to axial stresses. Bending stresses are expected to 
generate considerably higher mode-II loading, which could result in very different 
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damage evolution behaviour. It should be noted however that the models presented 
in this thesis are suitable for such analyses. 
 In addition to internal joints such as doublers and splices, other features such as 
open-holes and bolted-holes could also be analysed. These are representative of 
bolted and riveted joints which are also commonly found in FML structures. 
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Appendix A - Sensitivity analysis  
 
A.1 Sensitivity analysis for VUMAT fatigue code 
A.1.1  Simplified model  
The results of a study to determine the sensitivity of the mesh for the three element 
model used in Chapter 6: Section 6.6 shown in Figure A.1 are presented here. The 
analysis is based on a comparison of the traction-separation curves for cohesive 
elements predicted using the VUMAT subroutine based on the trapezoidal traction law 
for mode II under fatigue loading. As described previously, the simplified model 
incorporates three cohesive elements with a constant thickness of 0.01 mm and 
different element lengths namely 2 mm, 1.5 mm, 1 mm and 0.5 mm. Element 1 is 
subjected to a horizontal load or displacement representing the mode II damage failure 
mode whilst the other two elements are fixed in both the x and y-axes. The properties 
of the cohesive materials used are as given in Table 5.4. 
 
Figure A.1: Three element model(adapted from [185]). 
A.1.2  Results and discussion 
Figure A.2 shows traction-separation curves for the four different mesh sizes under 
fatigue with 80% severity using the pure mode II VUMAT code for this simplified three 
element model. Fatigue results are again presented only for element 1 since no 
damage occurs in elements 2 and 3 due to fixing the boundary conditions assigned to 
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them in order to simplify the analysis. The traction–separation curves plotted in Figure 
A.2 show identical behaviour for different sized meshes both in the purely elastic region 
and at the beginning of the static softening region before fatigue damage occurs. 
Following this fatigue damage starts at a user-defined start time (0.0015 s in this 
example) in the constant-stress region at a stress of 40 MPa leading to early 
degradation in stresses at a displacement of 0.0055 mm for mesh sizes 1mm and 0.5 
mm and 0.006 mm for mesh size 1.5 mm whilst a cohesive element with mesh size 
2 mm starts softening at a displacement of 0.01 mm. Elements with mesh sizes 0.5mm 
and 1 mm fail at a displacement of 0.011 mm under fatigue whilst the failure 
displacements are 0.012 mm and 0.014 mm for elements with mesh sizes 1.5 mm and 
2 mm, respectively. An element size of 1mm is therefore chosen for use in the model to 
achieve the desired balance between accuracy and computational efficiency. 
 
Figure A.2: Traction-separation curve for four different mesh sizes under fatigue 80% severity 
using pure mode II VUMAT code for simplified three element model. 
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A.2 Sensitivity analysis for buckling model 
 
A.2.1 Far-field no defect specimen model  
To examine mesh sensitivity in terms of its effect on models predicting buckling 
behaviour the far-field specimen described in Chapter 5: Section 5.2 shown in Figure 
A.3 was studied. The analysis in this appendix compares load versus in-plane 
displacement curves for far-field specimen models without defects but with different 
mesh densities. The far-field model incorporates three layers of aluminium and two 
layers of GFRP representing the Glare4B- 3/2 standard Glare specimen. Cohesive 
layers with a constant thickness of 0.01 mm are inserted at each metal-fibre interface. 
Further details in relation to material properties and element types can be found in 
Section 5.2. Different element lengths (2 mm, 1.5 mm, 1 mm and 0.5 mm) were chosen 
to mesh the continuum and cohesive layers.  
 
Figure A.3: Finite element mesh for far-field no defect specimen (top) based on optical scans of 
real specimens (bottom) (images resized for clarity, not to scale). 
Glare 4B- 3/2
Cohesive layersAluminium layers 
GFRP plies
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A.2.2 Results and discussion 
Figure A.4 shows load versus in-plane displacement curves for the four different mesh 
sizes under compressive loading for the far-field no defect model. The buckling and 
postbuckling results in Figure A.4 show identical behaviour in the purely elastic region 
until buckling occurs. Following this, in the postbuckling region from approximately 7.5 
kN axial load onwards, for mesh sizes 2 mm and 1.5 mm the load starts to be 
overestimated in comparison to the results obtained using a size of 1 mm. For both 
1mm and 0.5 mm mesh sizes load versus in-plane displacement curves show similar 
behaviour, therefore a mesh size 1 mm was chosen as the optimum value. 
 
 Figure A.4: Axial force versus in-plane displacement for far-field no defect specimen at four 
different mesh sizes under compression using buckling model. 
 
A.3 Sensitivity analysis for imperfection  
A.3.1 Splice with defect specimen model  
To examine the effect of the amplitude of the geometric imperfections introduced the 
splice with defect specimen model described in Chapter 5 Section 5.2 was studied. The 
load versus in-plane displacement curves for different amplitudes of geometrical 
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imperfections (2 mm, 1.5 mm, 1 mm and 0.5 mm) were compared. In each case 
imperfections took the form of the first eigenmode. 
A.3.2 Results and discussion 
Figure A.5 shows load versus in-plane displacement curves for the four different 
imperfection amplitudes under compressive loading for the splice with defect model. 
The results show identical behaviour in the purely elastic region until buckling occurs 
for imperfection values 1 mm and 0.5 mm, however a reduction in buckling stiffness is 
noticed for imperfection values 2 mm and 1.5 mm. Following this, in the  postbuckling 
region from a load of approximately 10.5 kN onwards, a reduction in postbuckling 
stiffness is predicted for amplitudes 2 mm and 1.5 mm compared with results for 
smaller imperfection values (1 mm and 0.5 mm) although the results converge again 
further into the postbuckling region. An imperfection amplitude of 1mm was therefore 
used throughout the thesis which is in agreement with the value measured for the 
specimens tested.  
 
 
Figure A.5: Axial force versus in-plane displacement for splice with defect specimen at four 
different geometrical imperfection values under compression load. 
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Appendix B  - Quasi-Static Experiments 
B.1  Introduction 
The progressive damage and fracture behaviour of Glare® fibre-metal laminates 
(FMLs) containing adhesive joints (splices and doublers) was investigated 
experimentally. A series of specimens of both types were tested under quasi-static 
tensile loads. Tests were monitored using digital image correlation (DIC) for 
visualisation of three-dimensional full-field displacements whilst acoustic emission (AE) 
monitoring enabled the detection of damage events. Large numbers of AE events were 
recorded at the splice and doubler joints during elastic and elastic-plastic regimes, 
suggesting that the AE techniques used is suitable for the monitoring of matrix cracks 
in addition to delaminations initiation and growth in the internal features in Glare® 
laminates. Finally, good correlation was observed between the fibre breakage and a 
rapid increase in cumulative AE energy, demonstrating that as well as indicating 
interlaminar damage, AE monitoring is able to indicate quite clearly when the bulk 
material damage was occurred. 
B.2  Test setup 
A Zwick / Roell servo-hydraulic testing machine (maximum force 100 kN) was used for 
quasi-static tensile tests as shown in Figure B.1. Tests were conducted on a series of 
specimens made of Glare® 4B included two features (splices and doublers). A 
displacement control load was applied at a rate of 0.001 mm/s. Specimens measuring 
(153 mm × 13.5 mm) were manufactured in-house, incorporating splice and doubler 
features as shown in Figure B.2. They consisted of 0.4 mm thick sheets of aluminium 
alloy 2024-T3 and Cytec™  2-glass/FM94 glass fibre reinforced polymer (GFRP) 
unidirectional prepreg with a lay-up corresponding to the specification for Glare® 4B[1]. 
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Each GFRP ‘layer’ had 3 plies with the layup [90o/0o/90o] and a cured ply thickness of 
0.133 mm. The layup one side of the joint was ‘3/2’ (three layers of aluminium and two 
layers of GFRP prepreg) and on the other ‘4/3’ (four layers of aluminium and three 
layers of prepreg). Static tests were monitored using DIC to derive accurate 
measurements of the in-plane displacement. The DIC system and set-up were as 
described in Chapter 3.  
 
Figure B.1: Experimental quasi-static test set-up. 
Two Nano-30 Acoustic Emission (AE) sensors were mounted on the specimens to 
monitor damage events during static tests. These sensors; supplied by Mistras 
Group™ have a mid-band frequency range of 125-750 kHz. They were chosen due to 
their small size (8mm diameter) they could easily be mounted on the relatively small 
surfaces of the specimen available. In addition to this practical consideration, the Nano-
30 AE sensor has a resonant response up to 300 kHz and a good frequency response 
making it suitable for monitoring the signals expected. They were bonded to the 
specimens using multi-purpose silicone sealant Loctite™ 595. They were then 
connected to Mistras Group™ pre-amplifiers with a 40 dB gain and a built-in band-pass 
filter of 20-1200 kHz. The pre-amps were in turn connected to a Mistras Group™ 
PCI2 acquisition unit. The detection settings were 45 dB threshold, sampling rate 
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5 MHz (as recommended by previous studies including Al-jumaili [134] and Pearson 
[156]). Located signals between the sensors were detected using the traditional AE 
analysis technique (a detailed description of this method is given by Miller [148]) (the 
improved Delta-T location technique cannot be applied in this case as it requires the 
use of three sensors [69].) 
B.3  Results and discussion 
B.3.1  Doubler specimen 
The first experiments were quasi static tensile tests in order to get ultimate tensile 
strength for Glare4B doubler specimens. These results for three specimens (presented 
in Section 7.4), showed that average ultimate tensile load for doubler specimens is 
12.52 kN. Experimental results for the axial displacement (presented in Section 7.4) 
exhibit a good representation of deboning between discontinuous aluminium layer and 
resin pocket in the doubler joint as reduction in displacement occurs at load 10.63 kN 
for all tested specimens. Then at load 10.59 kN delamination onset observed followed 
by delamination quick growth then at load 9.25 kN fibre breakage noticed from test 
visualisation in the discontinues GFRP layers (curved cross section), afterwards 
delamination propagated consciously up to another fibre breakage at load 12.52 kN. 
 
Appendix B - Quasi-Static Experiments 
201 
 
Figure B.2: Specimen design for (a) doubler (b) splice (images resized for clarity, not to 
scale)(after [186]). 
 
These results were confirmed using in-plane DIC results (presented in Section 7.4). 
DIC results for the in-plane displacements exhibit good representation of debonding as 
reduction in displacements at average load 10.63 kN for the three specimens, Then at 
load 10.59 kN delaminations onset occurs followed by delaminations quick growth 
accompanied with drop in axial loads down to 9.25 kN which is mostly fibre breakage 
noticed near doubler joint in the top discontinues GFRP plies (curved cross stion). 
Afterwards delamination propagated consciously with axial load increasing 
subsequently up to another fibre breakage at peak load. 
Experimental observation for the damage behaviour of Glare 4B laminate with doubler 
joint was confirmed by Acoustic Emission (AE) results through cumulative energy and 
load versus time curve (Figure B.3). AE results show a gradual increase in elastic 
energy at time period (0-4,000 s) mostly due to matrix cracks followed by deboning 
between discontinued aluminium layer and resin pocket in the doubler joint at time 
period (4,500-5,000 s) as observed in the experiments. This was followed by a jump in 
energy during time period (5,200-5,500 s) mostly due to fibre breakage. A gradual 
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increase in cumulative energy accompanied by rapid increase in axial load was 
observed at time period (5,500-8,000 s) is likely as a result of delamination initiation 
and growth in the aluminium /fibre interfaces. Then a large jump in energy was noticed 
at time (8,200 s) which could be due to fibre breakage in the discontinues fibre layers 
near doubler joint .Finally cumulative energy remain constant when the aluminium 
layers plastically deformed up to the final failure of aluminium which is not considered 
in this study. 
 
Figure B.3: Load and cumulative AE energy versus time for the doubler specimen. 
 
B.3.2  Splice specimen 
Quasi static tensile tests were conducted in order to obtain ultimate tensile strength for 
Glare4B splice specimens. Experimental results from both Zwick / Roell  machine and 
DIC system (presented in Section 7.4), show that the average ultimate tensile load for 
splice specimens is 9.47 kN which can be used later to calculate maximum fatigue 
load. Also the in-plane displacement results exhibited good representation of 
delaminations initiation and growth in the aluminium/GFRP interfaces of the 
discontinuous regions in splice specimens as reduction in displacements at average 
load 7.4 kN for all tested specimens, respectively. Then at average load of 8.6 kN, 
delaminations onset and growth in the splice joints occurred in the three specimens. 
This was followed by fibre breakages in the splice joint at average ultimate load 
9.47 kN for all tested specimens, respectively. Finally loads were slightly increased due 
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to plastic deformation in aluminium layers and remain constant at average load 4.2 kN 
up to final failure by aluminium layers breaks as noticed through experimental tests. 
However, as aluminium breaks take long time of test life so the test was terminated. 
Experimental observation for the damage behaviour of Glare 4B laminate with splice 
joint was confirmed by AE cumulative energy and load versus time results (Figure B.4) 
which shows a small increase in energy at time period (0 -880 s) mostly due to matrix 
cracks followed by a small jumps in cumulative energy mostly caused by delamination 
initiation between discontinuous outer Aluminium layer and the discontinuous two 
GFRP plies. This is followed by a stepped increase in energy at time period (1150-
1600 s) delamination propagation between discontinuous outer Aluminium layer and 
discontinuous GFRP plies. This was followed by a gradual increase in energy starts at 
time (2000 s) accompanied by a small drop in axial load which mostly due to 
delamination in splice joint. This was followed by a high jump in cumulative energy with 
a big drops in axial load at time about (2300 s) mostly caused by fibre breakage in 
splice joint. Consequentially energy remains constant and load increased gradually at 
time period about (2300-3250 s).This was followed by another jump in energy with a 
high drop in load down to 3.42 kN mostly as a results of fibre breakage and 
delamination growth in other aluminium/GFRP interfaces as observed during tests. 
Finally cumulative energy continued to be constant while load is slightly recovered up 
to 4.36 kN and then remain constant as a result of plastic deformation in aluminium 
layers up to final failure of aluminium layers. Aluminium breaks is not recorded as this 
stage takes long time which is expensive in terms of AE recording and also out of 
scope for this study. 
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Figure B.4: Load and cumulative AE energy versus time for the splice specimen. 
 
